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PREFACE

This paper was prepared by the Institute for Defense
Analyses for the Office of the Assistant Secretary of Defense
(OASD), Planning, Analysis and Evaluation (PA&E) under
Contract MDA 903-79-C-0320, Task Order No. PA&E 133 issued
March 1980 and amended April 1981.

The research conducted under this task deals with issues
involved in analyzing the effects which structural changes in
the defense industries have upon the prices of weapon systems

A final draft report was submitted to OASD/PASE in
December 1980 per the task schedule. Fcllowing tormal PA&E
Project Office review, and Security Review, this report was

submitted for publication and is issued in fulfillment of the
contract.
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, FOREWORD

Thils paper examines the dynamics of structural changes
in the defense industries., It was prepared under contract to
J the Office of the Assistant Secretary of Defense (Program
Analysis and Evaluation). OASD/PAXE is concerned both with
the factors (such as changes in technology and industry struc-
ture) which affect the prices of weapon systems, and the
) methodology which is used to esstimate the costs of procuring

those systems.

PR cAPITIOY
B P Lo

This paper analyzes the effects that technological change

¥ might have upon the price of weapon systems. It also examines
L,
E and evaluates the existing cost estimating methodologles to

determine whether they are appropriate in the presence of

dynamic structural changes. A methodology for relating pro-
ductlon processes to costs and cost estimating methodologies

1s developed and then applied to fighter aircraft. Finally,
recommendations for developlng cost estimating techniques that
accommodate techneloglical change are preue itecd,
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EXECUTIVE SUMMARY

Previous economic analyses of the defense industries have
developed several types of functional relationships between
the cumulative output of a weapon system and its unit price
or cost. These functions assume that other factors, such as
the yearly rate of production of the particular item and the
rate of technological change within that particular sector of
the defense industry, would not affect this relationship.
Nevertheless, even after adjusting for inflation, defense cost
analysts have observed that the prices paid for many defense
systems have exceeded the estimates which were derived from
these cost relationships. It 1s possible that these cost
relationships no longer are valid, and that structural changes
which have occurred in the defense industries may have contrib-
uted to this reduction in accuracy.

This study examines one set of structural changes, those
attributable to technological factors, and analyzes the
effects of these changes upon the cost relationships. The
cost relationships are affected because technological changes,
which are the result eilther of quality improvements or altera-
tions of manufacturing techniques, affect production rela-
tionships. In turn costs are affected, and valid cost
estimating techniques must take these changes into account.

The defense sector of the economy consists of many
industries, and it would not have been feasible to analyze the
technological changes of each industry. This study, therefore,
focuses upon the technological changes which have occurred in
the military aircraft industry and considers the impact that

S-1
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these changes have had on alrframe cost estimating rela-
tionships.

Ideally, the costs of a system, such as an airframe,
would be estimated from the inputs required to produce that
system. Unfortunately, some cost estimates are usually
required before the configurations of a system have been
established, in which case 1t 1s impossible to determine the
inputs required; costs therefore must be estimated in some
other manner.

In those cases where the values of the required inputs
cannot be determined, an entirely different methodology for
estimating costs has been developed. The costs of particular
systems are determined from parametric cost estimating rela-
tionships (CERs). These equations relate the costs of specific
systems to key physical or performance characteristics of the
systems. Although these CER: have been utilized for two
decades, there has been no previous systematic evaluation of
their forecasting accuracy.

An evaluation of a preferred airframe CER 1s presented
in Chapter II. The purpose of such an evaluation 1s not to
critique the particular equation, but to determine whether a
CER which does not contalin an explicit technological change
variable, such as the complexity of the system, might exhibit
any forecasting biases. The evaluation specifically deter-
mines how well the preferred alrframe CER predicts outside
the sample and whether the coefficients in the estimated
equatlon remain stable when additional data points are included
in the sample.

The results indicate that there are systematic bilases in
the engineering and tooling hours estimates. 1In addition, it
appears that at least some of the CER equations do not have
stable coefficients. These findings suggest that some factor
has affected the accuracy of the CERs; this factor might be

S-2




EAEE L WWern —
SIS . i SRR e S X e

the technologlcal changes which affected the process by which
airframes are produced. These changes may have resulted from
the substitution of one type of labor for another, the
introduction of labor saving capltal, the use of new materials
or the effect of technological change in general.

Given the reduction in accuracy of the CERs, we found it
necessary to develop the conditions under which CERs might
yield meaningful cost predictions. These conditions can also
explain how technological changes might cause the existing
CERs to yleld less meaningful estimates.

It should be noted that the existing learning curves and
CERs do not explicitly incorporate any information about the
factors of production, technological change, or the interaction
between production techniques, quality changes and technological
changes. Thls is despite the fact that the aforementioned
economic processes determine costs and learning. However, the
analysis of Chapter III shows that the learning curve used in
cost analysis is related to the cost functions obtained from
cost minimizing procedures applied to production functions.
The learning curves can also be directly related to production
functions which include the various types of technologicail
change.

Production functlons and CERs are also related, but the
relationship is complex because CERs estimate costs from
product qualities. The production function must be modifiled
to analyze the relationship between product characteristics
and factor inputs and costs. Our analysis shows that CERs
might shift proportionally in response to quality changes if
three cruclal assumptions hold:

e Product quality changes do not affect factor

proportions (i.e. the ratios of labor, capital, and
materials relative to each other).

S-3




e The technology used to manufacture the product does
not change when system characteristics are altered.

e The rate of learning remains constant.

Even under these circumstances, we cannot conclude that
the cost estimates obtained directly from CERes and those
dertved from production funetions incorporating qualities must
be identical. Moreover, when the three assumptions are
relaxed, there is even less likelihood that the two estimates
will coinclde.

Since technological changes must be considered in deter-
mining the costs of weapon systems, it 1s necessary to examine
the manner in which the production processes are influenced.
The production costs of a system may be afrected by two types
of technologlcal change: changes either in the methods of
production or in the quality (characteristics) of the system.
It i1s theoretlcally possible to separate these two effects,
but it has »roven difficult to empirically divide the observed
results into the two distinct components. It has been
especially difficult to analyze these changes for products
such as aircraft which have multi-dimensional characteristics.

Our empirical analysis divides the technolonglcal changes
which occurred in the fighter aircraft industry into the two
components. The first component, the increasing complexity
of military aircraft, is measured (1) by the ratio of research
and development costs to total procurement costs, and (2) by
the number of electronic components contained within varilous
weapon systems. For example, Table S-1 shows that non-recur-
ring costs as a percentage of total costs are higher on average
for later model aircraft than they were for earlier aircraft;
alrcraft complexity, which 1s still a relatively intangible
concept, has increased with time. Direct measures of combat
aircraft performance such as max speed, payload, range, etc.
clearly show (Chapter V, p. 57) that the aircraft were

S-4
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designed to fly faster and higher or to carry heavier payloads

for a longer distance. The aerodynamic design changes which

produced some of the observed performance characteristics
sometimes required changes in manufacturing technology and/or
production inputs.

The second component of technological change, alterations
in manufacturing technology, is analyzed by examining the new
materials, new types of capital equipment, and different
manufacturing techniques which have been introduced and the
changing characteristics of the labor force which is utilized. -
One major manufacturing advance in the military aircraft
industry has been the introduction of new materials from which
the structural components of the aircratt are fabricated. The
major new materlals used in these alrcraft are titanium and
composites.

The higher performance requirements of modern aircraft
could only be attalned by using these newer metals, alloys,
and materlals. In addition, some of the structural components
of these aircraft have become more complex, and closer toler-
ances have been required. These technological changes in the
design of the aircraft in turn have necessitated the devel-
opment of new capital equipment and manufacturing technology.
For example, the traditional method of machining an item was
to remove material in the form of chips by using a cutting
tool on a metal work piece. This operation was usually
performed manually by a skilled craftsman operating one of a
number of different types »f machine tools. However, the
more complex parts of the newer aircraft require three dimen-
sional machinery with closer tolerances than can be attained
with a manually operated tool. Consequently, the numerically
controlled (NC) machine tool was introduced in 1956.

The early NC machines contrclled only one tool; later
versions, known as machining centers, had several different

S-6




types of tools bullt into one machire. These machines automat-
3 o ically selected a tool, performed the necessary cutting opera-
" tions, and then replaced the tool. The newest automatic tools
are still more sophisticated, being directly controlled by

small computers rather than by punched tape.

In terms of the manufacturing processes used by the air-
craft industry, forming was not originally as important. as
machining among the aerospace industry's manufacturing
techniques. Cu- "ently, the process of producing parts by
pressing and forging is recelving greater attentlon. These
forming processes save on both materlials and machining time
and produce parts which are near-net shape, i.e., very close
in form to the required final product.

The greater interest in producing near-net shape parts
was stimulated by the high and rising costs of the newer
metals. Using the traditional methods of producing alrcraft
parts, ten pounds of metal inputs were often required to
produce a finished part weighing one pound. Newer methods
have reduced this ratic to 2:1., The industry has also devel-
oped and improved other methods for cutting and joining the
newer high strength materials.

Finally, these industrial process innovations have had
an impact on the labor force employed by the aerospace in-
dustry. First, the greater use of numerically controlled
machines required the industry to hire more people to program
these machines and substituted capital for production workers.
Second, the industry is now required to produce more paper
documentation along with the actual physical output. This has

Lot

also required an increase in the number of employees who
process these data. Both factors may help to explain why the
composition of the industry's work force has changed, with a

b steady decline in the percentage of the industry's employees
who are classified as production workers.

S-T7
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The dichotomy of product complexity and process innova-
tion permits us to examine the effects that these technological
changes have had on the costs'cf préducing a particular air-
craft. The particular question examined was: How would the
production costs of a particular aircraft have changed if the
technology utilized to manufacture a successor plane had been
used to produce the original aircraft? A related question
considered is: How do the costs of the successor aircraft
compare to the costs of the earlier aircraft produced with the
newer techinology? These questions are related to the arguments
presented atove, where 1t was shown that cost movements which
are attributable to technological change must be divided into
two separate components--manufacturing technology and system

ALEEC I P St 2 e s

complexity.

These questions are answered by using the W-4 as a case
study. The actual costs of producing the F-4 are compared
with estimated costs of manufacturing the F-4 with a newer
production technology. These estimates are derived on the
assumption that some of the F-15 technology would have been
used to produce the F-4.

The results show that the use of the newer technology
would have reduced the F-4 labor requirements by 26 percent
but that overall costs would have decreased by only 12% per=-
cent. This lesser dec¢iinz in overall costs would be attrib-
utavle to the substitution of other factors for labor. Never-
theless, the results lend credence to the hypothesis that,
over time, new technological processes reduce the costs of
mamifacturing a particular weapon system.

Although incomplete, the data are sufficiently suggestive
te support the hypothesis that the F-15 ccsts more than the
F-4 would hsve cost if it had been produced with F-15 technol-
ogy. It is estimated that an F-4 built with the newer
technology would have utilized 26 percen: fewer labor hours

S-8




than were actually used to produce the F-15. This finding
shows that improved performance accounts for increased costs.
Although our study has focused on airframes, a less intensive
analysis of radar systems (Appendix D) ylelded similar results.

The implications of these findings for the existing cost
estimating methodology include:

E e These technological changes help to explain some of
¥ the blases which were observed In the cost estimates
- obtained from a preferred airframe CER (Chapter II).

e The overestimates of the number of manhours required
for tooling can be explalined by the substitution of
capital for labor in this activity.

e Similarly, some of the underestimates in materials
costs might result from the use of more expensive

materials and the use of unitized components which
entall more scrappage.

In the presence of technological change, the prefer-
red uirframe CER may no longer be valid. For example,
the CER for aircraft indicates that costs are pos-
itively related to the welght and maximum speed of
the aircraft. However, the weight of modern aircraft
is reduced only because more expensive materials

have been substituted for the older, cheaper but
heavier materials. Thus, with everything else held
constant, welght and cost are negatively related--

not positively as is implied by the CER.

e This finding leads to a more general conclusion. 4
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- CER based on specific characteristics of older weapon
b systems may be used only if the characteristics of

g new gystems do not require new production technologies,

§ 8 i.e., if the relationshlp between system characteris-

,i§~ tics and the production function remains unchanged

'ig and stable.

P ‘3‘

?% Our summary recommendations involving modifications to

iy the existing cost estimating methodology include:

e If the qualities or characteristics of newer systems
require a new production technology, this factor
must be incorporated into CERs.

s

)
i
EX X

e The characteristics that are included in a CER must
in fact be the factors that drive costs.
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Thus, the coﬁplexity of the system or the requirement
that a titanium-based technology must be used might
be factors that drive costs.

It might be possible to modify existing CERs by
including an index of complexity, even though some
previous studies have failed to find such a varlable
significant. While holding other system characteris-
tics constant, such an index would shift a CER upward
or downward, depending on the complexity of the
product.

An index of complexity would refer to both the system
characteristics and the manufacturing technology
required to produce the system. (Such an index
might be constructed using the Delphi approach.)

An additional variable that might be included in
existing airframe CERs 1s the percentage of newer
materials that are embodied in the airframe.

Existing airframe CERs focus on manhours and mate-
rials costs. Given the recent substitutlon of company
owned capital equipment for labor, some extra atten-
tion should be focused on analyzing the capital
charges in the overhead rate.

S-10




B | Chapter 1
fNTﬁQDBCfION .
‘Previous economic analyses of the defense industries have
Mideveloped several types of funotional relationships between
jthe cumulative output of & weapon system and its unit pr*ce

or cost; These functions assume that other fadtérs, sudh as
thé yearly rate of production of thée partieular item and the-
fate of technologleal chahge within that particular séctor of
thé defense industry, would rot affect this relationship.
Névertheless, even after adjusting for inflation, défense cost
analysts havé observed that the prices paid for many defense
systems have exceéded the estimates which were derived from
‘theé§e ¢ost relationships. It has become necessary to inves=-
‘tigate thé issie.

Structural changes have occurréd in the defenseé industries;
these changes may have changed the competitive practices, the
aature of thé product or thé processés of production. Any of
these changes may be affecting the cost relationships derived
from earlier éxperiences in the industry, and the currently
used estimating téchniqués may no longer be applicable. This
paper, therefore, will investigate wheéther there havé been
major structural changes in particular segments of the defense
industry and analyze the effects that any such changes have
had on the appronriateness of the techniques used to estimate
thé costs of weapon systems.

The Peéeport is divided into several chapters. This
chapter discusses the issue and sets a framework for the
analysis. It defines both the types of structural change

1




e
;

S

gt
G

RN

nnn

patiat;

Lo s cyss

T o o e e
et 5

X
N L TN

:
5
By

E
kil
22
d.

4

3
X
g

b

i
-3
48
r‘
!

%
o &

¥
e
G
s A

X2

R

Which will be analyzed and the Séétors of the defensé
‘industries which will be considéred. Thére is also a discus-
:§ion of various functiohal relationships which are used to

S8timate the costs of weéapon systéms. Finally, an outliné of
the rémainder of thé study is presented.

. SCOPE OF THE STUDY

~ T, ‘Deférse Industries

This study analyzés the structural changes that have
occurréd in the defensé industries and the impacts that these
changes‘have‘had upon techniques uséd to estimate weédpon
‘Syetemgcosts{ it is ‘thus necessary to first define the limits
of the defense industry.

The Commerce Department has classified 94 manufacturing
industries as defense=orientéd.! This definition includes
both direct purchasés and indirect expenditures on products
that are eventually necessary for the production of defense
goods, and is obviously too broad for the scope of this study.
A RAND study selected 13 sectors of the economy as being
éssential to combat capability.? These sectors, listed in
Table 1, produce "end-products most important to direct and
indivect US military efforts...."? and are most representative
of what might be considered US defénse industries. Within the
framework of this study it would have been impossible to under-
take a complete analysie of the structural changes which have

7.8, Department of Commerce, Bureau of Census, Shipments of Defense
Oriented Industries, MA=-175(77)-1, 1977.

2Michael D. Miller, Measuring Industrial Adequacy for a Surge in Military
Demand: An Input-Output Approach, The RAND Corporation, Santa Monica,

CA, Séptember 1978, R-2281-PF, p. 10.
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Table 1. THIRTEEN CRITICAL DEFENSE SECTORS
1977 DoD
Classification Sales
Sector BEA SIC ($ millions)®
1. Complete Guided Missiles 13.01 3761 4,372.7
2. Non Small Arms Ammunition 13.02 3483 601.1
3. Tanks & Tank Components 13.03 3795 969.1
4. Sighting & Fire Control Equip.b 13.04 3662,3832 (6495.3)(170.2)
5. Small Arms 13.05 3484 150.3
6. Small Arms Ammunition 13.06 3482 119.3
7. Misc. Ordnance & Accessories 13.07 3489 242
8. Radio/TV Communication Equip. [56.04 3662 6,495.3
9. Aircraft 60.01 3721 7,501.9
10. Aircraft Engines & Parts 60.02 3724,3764% | (3578.2)(598.2)
11. Aircraft Propellers & Parts 60.03 3728 1,688.2
12. Misc. Aircraft Equipment 60.04 3769,3728d (646.5)(1688.2)
13. Shipbuilding & Repairing 61.01 3731 2,899.2

The 1977 sales figures are based on tables in Shipments of Defense
Oriented Industries, U.S. Department of Commerce, Bureau of the Census,

MA-175(77)-1, 1977.

bE]ectronic sighting and fire-control equipment is classitied under SIC

3662, optical under SIC 3832.

CSIC 3724 includes aircraft engines and parts, “nc¢ SIC 3764 includes

space propulsion units and parts (these were classified together for the
1967 input-output analysis).

dSIC 3769 includes miscellaneous space vehicle equipment, and Sif 3728
includes miscellaneous aircraft equipment (these wece classified togetter
for the 1967 input-output anaiysis).

Source: Michael D. Miller, Measuring Industrial Adequacy ‘or a Surge i1
Mlitary Demand: 4n vauu-Outouf 4pvroach, The RAND Corporation,

Santa Monica, CA, September 1978, R-2281 AF p. 10.
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sccurred in all 13 sectors; therefore our analysis is focused
on one particular defense product, military aircraft.!

2. Structural Changes

The term "structural changes" has many connotations in
the context of industry studies. It can refer to the number
of sellers or buyers, or differences in the competitive,
contractual or legal practices which prevail in the industry.
It can also refer to the various types of technological
progress. All the aforementioned concepts are usually
examined in the industrial organization literature which
analyzes the relationship between structure, conduct, and
performance.

OQur attention is primarily focused upon those structural
changes which affect production relationships and are the
result of technological progress occurring either in the form
of quality improvement or alterations of manufacturing
techniques. These are the factors which affect the production
function and costs and thus might alter traditional cost
estimating techniques.

3. Yechnological Changes in Aircraft

This study focuses on the identification of technological
changes in the military aircraft industry which have affected
tae cests of production and not on the character of competi-
tion. It is our belief that the primary factors changing
these production relationships involve new processes and
increases in the complexity c¢f the systems. To gain an
understanding of the dynamic processes that are involved, the
methods for manufacturing the fighter aircraft produced circa

IThere 1s also a short analysis of the technological change associated
with the fire control equipment used in these aircraft. This analysis
is presentel in Appendix D.
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1960 will be compared with the techniques used to make the
current first line fighter aircraft.

B. COST ESTIMATING METHODOLOGY

After the dynamic processes involving technological change
have been analyzed, we shall determine how these technological
developments might affect the cost estimating methodology.

It is important, therefore, to briefly describe this meth-
odology as 1t currently exists.

1. Learning Curve

Cost information about weapons systems 1is required at all
levels of the decision making process, and a methodology has
evolved to provide cost estimates before the final configura-
tion of the system 1s even known. Two basic concepts have
been developed to provide this information. The first is the
learning curve

c = ax? (1) ;

where C 1is unit cost (expressed in real terms or manhours or
manhours per pound), X is cumulative output, and b is called
the slope of the learning curve.! It is, in fact, the slope
if equation (1) is converted into a double log equation, i.e.,

log C = log A + b log X . (2) ;

The coefficient b then indicates what the proportionate change
in costs would be for a proportionate change (usually a dou-

st

bling) of cumulative output. Usually b is negative, indica-
ting that unit costs decline with inereases in cumulative

'Alternative terms for the learning curve are progress curve or experience
curve.
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output. This phenomenon 1s usually attributed to the learning
associated with performing a repetitive manufacturing task.'
The intercept of equation (2) indicates the unit cost of the
first unit of output. '

2. Cost Estimating Relationship (CER)

Estimates of the slope of the learning curve can provide
information about the way unit costs behave with increases
in cumulative output.? However, it is still necessary to make
an estimate about the costs of a standardized quantity of each
system so that the location (intercest) orf the curve can be
computed. This estimate usually is obtained from cost estimat-
ing relationships (CERs). This technique will be thoroughly
described in Chapter II, but a brief summary of the approach
is warranted here.

Cost estimating relationships must be used hecause costs
cannot be derived from a bottom-up costing of subsystems and
components. The bottom-up approach requires information about
the final configuration of the system and the factor inputs
to be used in the production process; such information usually
is not avallable at the time that initial decisions about
procuring the system must be made.

'The seminal work on the learning curve phenomenon was written by Harold
Asher, Cost-Quantity kelationships in the Airframe Industry, The RAND
Corporation, Santa Monica, CA, July 1, 1956, R-291, Other works on the
subject include: Jack Hirschleifer, "The Firm's Cost Function: A
Successful Reconstruction?" Jowrmal of Business, XXV, No. 1, July 1962,
po. 235-255; Armen Alchian, "Reliability of Progress Curves in Alrframe
Production,” Econometrica, Vol. 31, No. 4, October 1963, vp. 679-693;
Walter Oi, "The Neoclassical Foundations of Progress Functions," Eeonomic
Journal, Vol. LXXV1l, No. 307, September 1967, ppo. 579-594; and R.A.
Lloyd, "'Eﬁperience Curve' Analysis," dpplied Economies, Vol. 11, 1979,
cp. 221-234,

“This assumes that the slope of the progress curve is invariant with
respect to similar types of systems.

N
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Given this difficulty, a different approach, based on
CERs, has been developed. Costs for systems are projected
from statistical relationships (the CERs) estimated from the
parameters which describe important characteristics of the
system. For airframes, two important characteristics have been
identified: weight and speed. The importance of each parameter
in explaining the cost of the system is derived from regressions
of the known characteristics of earlier systems upon the known
costs of the same systems.

This approach completely abstracts from the production
function, factor inputs and prices, and technological change.
Moreover, the relationship between these parametric estimating
techniques and the production function is not known, nor is it
clear whether the parametric relationships remain valid if
there 1is techndlogical change, either in the methods of pro-
duction or in the nature, quality, or complexity of weapon
systems.

C. QUTLINE OF STUDY

In the second chapter the forecasting accuracy of one set
of cost estimating relationships is considered. This 1is
followed by a theoretical discussion of the functional relation-
ship between the various cost estimating techniques, production
functions, and technological change. The results of that
chapter set the framework for the empirical analysis that
follows. Chapter IV presents the results of previous studies
of technological change in other industries. The complexity
of modern fizhter aircraft is analyzed in Chapter V, while the
production techniques used to produce these aircraft are con-
sidered in Chapter VI. The subsequent chapter is a case study
which shows how process and product changes affect production
costs. Chapter VIII presents implications of the results and
some recommendations. Appendices A, B, and C vresent technical
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material related to the body of this study, and Appendix D
presents a short analysis of the technological changes which
have occurred in a portion of the avionies industry.
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Chapter Il

AN EVALUATION OF AN
ATRFRAME CER

A INTRODUCTION

In the previous c¢hapter it was stated that ideally a
system's costs should be estimated from the inputs required
£6 produce that system. Unfortunately, some cost estimates
are réquired before the configurations of a system have been
éstablished. 'In that case it 1is impossible to determine what
inputs would be required to produce the system, and costs
¢annot bé estimated in this manner. ‘

In those cases where the values o6f the required inputs
cannot be determined, an entirely different methodology for
estimating costs has been developed. The costs of particular
systems are determined from parametric estimating relationships.
These equations relate the costs of specific systems to key
physical or performance characteristics of the systems. The
values associated with each of the parameters are estimated
empirically by a regression of the known costs on the specified
parameters of systems which already have been produced. The
cests of future systems are forecast by inserting the predicted
performance and physical characteristics into the estimated
equation and solving for the costs.

Althdugh these parametric estimating equations {also
known as cost estimating relationships, CERs) have been utilized
for two decades, there is nd published systematic evaluation
of their forecasting accuracy. This chapter will undertake
such an analysis.
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The first part of this chapter will, review some 6f the

-6¥isting CER liteérature. A forecasting evaluation methodoldgy
thén will be devéloped and, using thesé procedurés, the

aceuracy of a particular CER will be éxamined.’

B REVIEW OF EXISTING LITERATURE

1 Airﬁpame'cgks

A majority of the fundamental work on CERs for defénse
systems has béen devéloped by members of The RAND Corpoération
staff.! A numoer of other parametric estimating relation=
ships have been déveloped elsewhere.? All of the previous

* studies relate thé ¢osts of acquiring a spedified number of

ﬁpits of a partiéuiaf défense system to important physical or
performance characteristics of those systems.?®

'Thesée studies include, G.S. Lévenson and S.M. Barro, Cost Estimating
Relationships for Aivcraft Airframe, The Rand Corporation, RM=4845-PR
(abridged), April 19663 G.S. -Levenson, et.al, Cost Estimating Rélation-
ghips for Airveraft Aivfraiies, Thé RAND Corporation, R-761-PR, December
1971; Joseph P. Large, Harry G. Caipbell and David Catés, Parametric

; Equations for Estimating Aireraft Airframe Costs, Thé RAND Corporation,
R=1693-1-PAE, February 1976; and J.R. Nelson and F.S. Timson,. Relating
T@chnolqg% to Aequisition Costs, The RAND Corporation, R-1288-PR,
March 1974, :

2These studiés include, Planning Research Corporation, Methods of
Estimating Pized-Wing 4irframé Costs, PRC R-5U47, Vol. I, February 1965,
also Volumes I % II, R-547A, April 1967; J.V. Yance, 4irframe Cost
Analysis: Navy Combat Aircraft, Research Contribution No. 9 (Institute
of Maval Studies, Center ror Naval Analysis), June 1965; J.W. Noah,
el ¢, Estimating Aireraft Acquisition Costs by Farametric Methods,
J. watson Noah Associates, Inc., FR-103-USN, September 1973; and R.A.
Groemping and J.W. Noah, Estimating Aireraft Acquisition Costs by
Parametric Methods, J. Watson Noah Associates, Inc., TR-10618-USN, May
1977.°

*These CERs are similar to hedonic price indexes in which prices of
particular commodities are related to characceristics of those products.
The hedonic price indexes are used to distinguish price changes attrib-
utable to quality changes from pure price increases for an analysis of
hedonic price indexes. See Zvi Griliches, ed., "Price Indexes and Quality
Change," Harvard University Press, Cambridge, Mass., 1971.
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,S“milar equations were derived for tooling hours;’® manufactur-
'i&g,hours (both non=recurring and recurring); manufacturing
Vwaterials, and flight testing. In.addition, the~identigal
Agggations were estimated for othér quantities of output, i.e.,
25, 50 and 200 airframes. The non=RAND models, explain the
costs of a specified quantity 6f airframés with variants of

& tng'speed and weight variables, but other characteristics are

\ fiequéntly included in the equations.

2. CERs For Other Systeis

Parametric estimating techniqueés have also been usgd to
éstimate the costs of other components of defense systems.
The crucial characteristics that were includéd in the CEFs

1The equation is estimateéd in log-linear form, i.e., log E,,~=log A+b lcg
100

(W)+c log S.

*Large, Campbell and Cates, op.ctt., p. 20.

3Pooling hours were defined as "all effort expendsd in +ool and production
pianning design, fabrication, assembly, installation, modification,
maintenance, and rework of tools, and programming and preparation of tapes
for numerically controlled machines," <dem., p. 23.
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. for jetrengines were devélopment. £ime, thrust. and Mach number.!
. For phasgd radars, cost was a function of the numbér of trans-
1ﬁﬁiﬁtingdéhdareéeivingaelémeﬁﬁé,AQéWér Sutput; nuiibér of fav=
‘gets tracked, ete.? In some ¢asés quantify procured or pro-
s-duetion rates are included in the estimating equations.

3. Technological Factors fn CERs.

' Gtﬁéhnﬁhéwéonceﬁg‘éﬁ this analysis with the efféct of
‘téchnological change upon weapon: systém cost, it is important
to determine whéether variables which measure changes either

in the quality of thé product or in the téchaiques of production .

'ipave been incorporated into CERs. A Auimber of attémpts have
. ‘béen fiadé to ineclude Somé measure of quality charigé in the

"' ‘0ER&: While the RAND airframe CERs do hot explicitly include
£fechhological variablés, one study® included time as a proxy
variable to capture 'somé of the éffects produced by the
required ¢hanges in the state of thé art. The time vapiable
was Statistically significant in these airframé CERs.

The Noah CERs explicitly contain two variables which
represent the effects that technoldgy has on ¢68ts. The first
variable i§ an index of techiaological advance as measured by
the number of model changeS that a particular aircraft
experienced.® Thé sedond explanatory variable measures the

1See for example, F.A. Watts, Afreraft Turbine Engine: Development and
Procuremeni Cost, The RAND Corporation, RM-U4670-PR (abridged), Novembér
1965; J.P. Large, Eetimating Aireraft Turbine Engine Costs, The RAND
Corporation, RM-6384/1-PR, Septemher 1970.

%Gene H. Fisher, "Cost Considerations in Systems Analysis," American
Elsevier Publishing Co., Inc, N.Y., 1971, p. 129.

‘Large; Campbell, and Cates, loe.oit.

“This variable sometimes producad peculiar results. See J.P. Large and
Capt. K.M.S. Gillespie, 4 Critique of Aireraft Airframe Cost Models, The
RAND Corporation, R-2194-AF, September 1977.
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“compléxity of the aircraft and is representéd by a (0, 1)
duiny variable.! An aircraft either is considérsd complex,
. in which casé the value 1 is assigned to the dummy, or simple,
“in.which case the duiimy has thé value 0. Theése assignments
‘wéré'dé%éfmiﬁéa judgmentally.

The PRC scudy also incorpcrates time into the CER, but

. this variable captures cost increases due to both techndélogical
:changes‘and iAflationary pressures.

Nelsoh and Timson developed an indirect method for ineor-
pordting effects of the required technological advance into air-
craft englne CERS. They first represented the technological
advance as a funetion of the date that ah enginé with a spec-
ified seét of teéchnical characteristics was expected to attain
a specified level of performancé. This is called the time of
arrival (TOA). The difference bétween the predictdd? and
actiial TOAs was then included in the engine CERs. Finally,
Harman® attempted to relate acquisition cost overruns to
subjective measures of the technological advances recuired to
develop aivccraft and missiles. :

While there have been some attempts to include ‘technolog-
ical quality changes in some c¢f the CERs, the currently prefer-
red airframe equations do not include such variables. More-
over, none of the CERs takes into account changes in prroduction
téchniques. The performancs of the CERs might be affected by
the exclusion of both types of variables.

\

'Dummy variables of this type shift the intercepts of the CERs.

“The predicted time of arrival is a function of temperatwre, pressure,
specific fuel consumption, and maximum thrust.

*Alvin J. Harman, Acqucsztzon Cost Experience and Predictability, The
RAND Corporation, P-4505, January 1971, Large, Campbell and Cates, op.eit.
p. 44285 also used a subjective difficulty index but rejected the approach.
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Prev1ous tr1t1que of CERs

Large andA illespie compared some of the airframe CFRs
tdeve10ped ‘by different organizations and. examined the variables
'twpioh~were‘included,in the equations. A subsét. of these CEBS‘
_Wa$ uséd to make cost predictions for nine military airframés.

@Eé study showéa'thét ali Sf‘tne éduatioﬁs had some‘defi-

Unfortunately, the Large and Gillespie study containg an
dnconsistency. Kach of the alternative CERs was used ¢
predict thé costs of the saie identical nine airframeSN How-
ever, in someé casés foreécasts were made for aireraft which
..Were in-the data base from which a particular CER was dérived.
’ In other cases, gome of the aircraft were not included in the
data base from which the CER was estimated, and the cost

fsample forecasts. It is inapproPriate to oompare one set of

¢ost "forecasts" which weve partially derived from obsérvations

éontained within the sample with a different set which were
obtained, partially or entirely, ‘from.data outside the sample.
Given this inconsistency, it is not entirely poéssible to
detérmine hoi well CERs prediéted the cost of systems which
were completely outside the sample,

¢. EVALUATION OF AN AIRFRAME CER

In the rémainder of this chapter a methodology for
évaluating the forecasts of CERs is developed, and this proce-
dure 1is apolied to an evaluation of thz cost estimates
obtained from a preferred RAND airframe CER. The purpose of
this exercise is not to critique fthe particular RAND equation,
but rather to determine whether a CER which contains no
explicit technological change variables might exhibit any

'Large and Gillespie, loc.cit.
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forecasting biasés. This evaluatioh might also shed light

on the effect that téchnological changes have had on the CERs.
The:RAND: data basge was acceéssible to the staff of the Office
%éf*thehﬁséisbantwsécretérm/éfwﬁéﬁéﬁség (PAE) .!

We shall firdt describe the equation that was used. This
#Will be followed by an explanation of thé evaluatioh procedure.

' The results and interpretation will comprise the last section.

T.  RAND::Airframe CER

It 'Has béen shown that the preférred RAND CZR was of the
form )

_—
L, = awes®

where Lx,is the cumulative labor hours of a specified ‘type

utilized to produce thé first x units of an airframe, W 'is the
Welght ;% and S is the maximum speéd of the aircraft. These

figures aré contained in the RAND data base and are available
for most post-war aircraft. The latést published RAND air-
frame CER is based on data for 25 military aircraft.® The

- equation is usually estimated in the log-linear form

log L, = log A + alog W + 8 log §

'Lt. Col. Douglas Fishér of that office developed many of the data which

are ¢ontained in the evaluation. We wish to thank him for his efforts.

Any errors in interpretation, etc., are solely the responsibility of thre
authors of this. report. :

2pirframe unit weight 15 empty weight minus a large number of items

includin%\(l) wheéls, brakes, tires and tubes, (2) engines, (2) fuel
cells, (B) starters, (5) propellers, (6) instruments, (7) avionics, etc.
The rémaining items are listed in Large, Campbell, and Cates; op.cit.,
po 190 "

Large, Campbell and Cates, op.ett., p. 5. The first flight dates were
from 1953-1970. A subsequent and still unpublished RAND study also
excludéed the A-7, T=39, and F-3, but added the S-3A, F-15 and A-10.
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‘Thé CER is estlmated for several typeés of labor manhour§=-
engineering, tooling and manufacturing It is also used to
estimate the manufactuning«naterial utilizédvin thé 4irframeé.
:Céneéptually; a CER may be estimiatéd for diffeérent level§ of
cumuiative output.. The RAND study constructéd CERs for the
xfi*ét 25, 50, 100 and 200 units. ‘

g Zaa Evaluation Procedure

The analysis will evaluate the accuracy and stability of-
the aforemeéntioned CER. Speécifically, the evaluation will
determine how well the CER predicted outside the sample, and
whethér the o and B coefficients in the estimated equation
Pémain stable when additiondl data points are included in the
§ample. Although CERs could have béen -estimated for dif-
ferent levels of cumulative output, our analysis was confined
£0 evaluating the CER relating to .the first 100 airframea.

The evaluation procedure was to divide the available data
into two groups. Thé first group ¢onstituted the sample from
which the CER was statistically estimated. The second group
contained the observations. which the estimated CER was to
predict. In our analysis, data on twenty-five aircraft were
initially available;® twenty were used to estimate the CER,
which was then used to predict the various manhcurs and
materials required to construct the excluded five aircraft,

which were the last devéloped.

The predictions for the five aircraft were obtalned by
inserting the known values of spzed and weight into the
estimated CERs. These predictions wére then compared with the
actual (and known) observations relating to these airframes;
the differences between these figures were the forecasting

1This is based on thé data files which exclude the A-7, T-39, and F-3.
These files include data on both large and small military aircraft with

first flights since 1952.
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errors (for the five airframes) attributable to the equation.!
The percentage error for each of the five airframes was
computed.

The procedure was repeated iteratively by adding one
aircraft to the sample and predicting one less observation
until there were twenty-fonr data points in the sample and
one observation to be predicted. This iterative procedure
determined whether the forecasting results were sensitive to
the sample size. The five aircraft which were originally
excluded from the sample ard for which costs were predicted
were the A-10, C-5A, F-1l4, F-15, and S-3A4; they have been
labelled aircraft 1 througn 5.2

In addition to measuring the forecasting accuracy of the
CERs, the analysis examined the stability of the coefficients
of the squation as additional observations were added. Thus
ror the CER for engineering hours, there would be five sets
of estimactes for the coefficients associated with the weight
and speed variables, e.g., for 21...25 data points.

3. Results

a. Forecast Errors

The percentage forecast errors which were made by the
CERs for engineering hours, tooling hours, manufacturing

'This procedure for measuring forecasting errors is known as ex post
analysis in the macroeconcmic forecasting literature. It is designed to
evaluzte the accuracy of a forecasting technique when the independent
variables contained in the equation are known. It !s a true measure of
forecasting accuracy of the technique. However, in actual practice a
decision maker would use the technique Wy inserting estimated values of
the independent variables. These ex ante forecast errors would then
result frem both the mis-estimates of the independent variables and the
techiiique's inaccuracy.

“The nunerical orderings do not necessarily correspund to the alphabetical

listing.
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hours and manufacturing materlal are presented in Tables 2
through 5. For all categories of cost, the errors for a
particular analysis are relatively insensitive to the number

of cbservations used to estimate the CER from which the specific
costs are predicted. For example, the percentage error for
engineering hours for aircraft 3 only varies between -74.7
percant and -75.0 percent when the number of sample points is
increases from 20 to 22. Feor aircraft 4, the range (U4 observa-
tions) is ~29.5 percent to -32.7 percent, while aircraft 5
shows a scmevwhat larger range (5 observations): =39.2 percent
to -48.5 pareent. Similar findings hold for the other

elements of cost, with underestimates always remaining under-
estimates, etc.

However, differences occur between the various categories
of costs. Engineering costs are uaiformly underestimated and
the errors are substantial. Except for aircraft 1, tooling
costs are generally overestimated. The manufacturing hours'
forecasts all show errors which are less than 20 percent, and
there is no observed bias. On the other hand, the manufacturing
material costs' errors also display a mixture of over and
underestimates, but the discrepancies are substantial in
several cases.

These findings indicate that there are systvematic biases
in the engineering and tocling hours' estimates. In addition,
the manufacturing materials' estimates dlsplay sizable errors.
These findings suggest that there may have been systematic
structurzsl changes which affected the process by which air-
frames were produced. These changes may have resulted from
the substitution of one type of labor for another, the
introduction of labor saving capital, the use of new materials
or the effect of technological change in general. In any
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event, one or more of these factors has affected the accuracy
of existing CERs.!

b. Coefficient Stability

The coefficients for the four CERs estimated from dif-
ferent sample sizes are presented in Table 6. The results
indicate that the coefficlents of the manufacturing hours CER
do not vary much with changes in the sample size. However,
for the other CERs, one or the other of the two coefficients
shows considerable variation when the sample size is in-
cremented from 20 to 25. For example, the speed coefficient
(B) of the quineering hour equation has a 20 percent range.
Although ho'formal statistical test was performed, it appears
that at least some of the CERs do not have stable coeffi-
clents.? Given this instability, it is likely that the given
CER might not be appropriate for forecasting the costs of
future airframes.

4.  SUMMARY

The results relating to both the ex post forecast errors
and the stability of the coefficients of the CERs suggest
that fundamental changes whica affect these CERs have been
taking place. It is important to investigate and understand
what these changes have been. Therefore, in the next chapter
we shall analyze the relationship between CERs, production

'In view of the production technology changes which have occurred, the
finding with respect to manufacturing hours is surprising. However,
increased fabrication costs may have been offset by a decline in
assembly line hours,

Zplthough the resuits are not presented here, some of the older excluded
atreraft (such as the A<7, T-39, -3, F-101, F-89, D-47, F86A and F8lA)

were added to the sample. The size of the ccefficients varied even more.

However, the range of the coefficients associated with incrementing the
sample with the last five observations remained the same as reported.
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functions and learning curves.

An understanding of this

relationship will provide a conceptual framework for describing
the dynamic changes which have affected the accuracy of the

CERs.
Table 2. EX POST PERCENTAGE FRRORS OF CER IN FORECASTING
ENGINEERING HOURS FOR 5 AIRFRAMES, 100 UNITS
(+ OVERESTIMATE, - UNDERESTIMATE)
apecific NUMBER OF OBSERVATIONS IN SAMPLE
Aircraft
(Numser) 20 21 22 23 24
1 -44.9 - -- - --
2 -23.3 -20.0 - -- --
3 -78.7 -78.7 -75.0 .- -
4 -32.7 31,7 -29.5 -32.7 --
3 -47.7 -48.5 -49.2 -39.2 -39.9
Table 3. EX POST PERCENTAGE ERRORS OF CER IN FORECASTING
TOOLING HOURS FOR 5 AIRFRAMES, 100 UNITS (+ OVER-
ESTIMATE, - UNDERESTIMATE)
Specific NUMBER OF OBSERVATIONS
Aircraft
(Number) 20 21 22 23 24
1 -6.5 - - -- --
2 +26.3 +26.9 - - -
3 +16.9 +16.9 +18.5 - -
4 +19.7 +19.9 +15.8 +16.5 -
5 +88.5 +88.2 +90.9 +86.7 +87.5
20
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Table 4. EX POST PERCENTAGE ERRORS OF CER IN FORECASTING
MANUFACTURING HOURS FOR 5 AIRFRAMES, 100 UNITS
(+ OVERESTIMATE, - UNDERESTIMATE)

apeciflc NUMBER OF OBSERVATIONS

(Number) 20 21 22 23 24
1 -5.5 - - -- --
2 +5.6 +6.0 -- - --
3 -15.0 -15.0 -14.7 - --
4 -7.8 7.7 -8.4 -8.9 -
5 +15.3 +15.1 +15.5 +17.9 +17.6

Table 5. EX POST PERCENTAGE ERRORS OF CER IN FORECASTING
MANUFACTURING MATERIAL (CONSTANT DOLLARS) FOR §
AIRFRAMES, 100 UNITS (+ OVERESTIMATES, - UNDER-

ESTIMATES)

Specific

Aircraft NUMBER OF OBSERVATIONS

(Number) 20 21 22 23 24
1 -48.5 - -~ -~ --
2 +12.8 +18.2 -- - -
3 -52.9 -53.0 -52.6 - --
4 +6.1 +7.8 +5.3" +2.6 --
5 -31.4 -32.7 -32.0 -25.1 -25.0
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Table 6. VARIATION OF COEFFICIENTS OF WEIGHT (a) AND

SPEED (8) IN VARIOUS CERs WITH CHANGING SIZE OF
THE SAMPLE FROM 20 TO 25

COST ESTIMATING RELATIONSHIPS
Engineering Tooling Manufacturing Manufacturing
" Hour Material

Sample o 3 o g o B o B
Size

20 .636 |1.03 .558 |.386 744 | 332 .833 |.928

21 702 [1.05 .566 |.388 750 | .333 .907 | .948

22 710 [1.09 | .558 |.344 | .748 | .322 901 | .917

23 .656 | .886 | .564 |.369 742 | .299 .872 | .808

24 .659 | .939 | .563 |.348 742 | .312 .872 | .805

25 .637 | .875 | .590 |.427 749 | .332 .859 | .769 .

o Tt b e i a =




Chapter III

THE THEORETICAL RELATIONSHIPS BETWEEN LEARNING CURVES,
COST ESTIMATING RELATIONSHIPS AND PRODUCTION FUNCTIONS

The previous chapters explained the meaning of learning
curves and cost estimating relationships (CERs). This chap~
ter will develop the interrelationship between the learning
curve and a CER and then relate both concepts to certain
other concepts of economlic theory, namely production functions
and technological change. The purpose of this analysis is to
show how learning curves and CERs are fundamentally related
to basic economic concepts. The conditions under which CERs
might yleld meaningful cost predictions will be developed and
the types of technological changes which cause CERs to yield
less meaningful estimates will be examined.

A. INTRODUCTION

1. Learning Curves and CERs

It has been shown that the commonly used lsarning curve
is of the form

_ i@
Cx = AX (1)

where CX is the unit incremental cost of the xth unit, x is

the cumulative output and a<0 is a parameter representing the
degree of learning. Similarly, a CER is of the form

= B Ay
TC, = Q] Q; (2)
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where TCX represents the total céét of producing x units, Q1
and Q2 are particular qualities and/or characteristics which
déscribe the system and affect the costs, and a, B8 and y are
parameters. t should be noted that-for any specified outputs,
the three parameters need not be equal to the same parameters '
for any other specified level of output. Since different
parameters would arise for different outputs, the CERs are
implieitly incorporating some of the learning phenomena into
the parameter estimates.‘ The learning curve may incorporate
some of the quality characteristics if the rate of learning
variés with the complexity of a system.

N

Finally, it should be noted that neither the learning
curve nor the CERs explicitly incorporate any information
about the factors of production or technological change, or
about the interaction between production techniques, quality
changes and technological changes. This is despite the fact
that the aforementioned economic processes determine costs
and learning. An analysis which explicitly relates learning
curves and CERs to production processes requires the use of
generalized production functions.

2. Production Function

The economist's production function is an analytic concept
which relates input flows of capital (X), labor (L) and mate-
rials (M) to the maximum attainable output flow 'Q) o any

product:
Q = £(X,L,M,) . (3)

FPor this study we shall use a fictional F-x aircraft as the
output. The dimensions of inputs and outputs in (3) are rates
of flow per unit time period. That is, to attain an output
flow of (say) 5 F-xs per month requires (say) 160 hours of

2U

«{ -




- capital servicés per month, 32,000 labor hours per month, and
100,000 tons of materials per month. Other factor combinations
will also produce at this output rate, since (3) is very‘
general and permits substitution ameng inputs.

The production function (3) is so general that economists
have often specified particular forms of the production rela-
fionship in their analyses. We shall be using the Cobb-Douglas
version of the relationshir:

Q = BK°LOMK . (4)
This form has commonly been used by economists and its char-

acteristics are well known.:}

If a time period equal to the average time necessary to
produce an F-x (say, 1 week) 1z chosen, it is possible to
define for Q = 1; that is, for a rate of one F-x per week

Q = 1 = BK°LOM¥ | " (5)

Then, K, L, and M are the minimum amounts of inputs necessary
to produce on F-x--the unit input amounts--and we will so

interpret them in the analyses to follow.

3. Technical Change

a, Disembodied Change and Learning

The production function (5) does not incorporate any
characteristics assocliated with technical change. It assumes
that the production relationships among inputs and outputs
do not vary over time and that the quality of the product

'For a discussion of the characteristics of the Cobb-Douglas function, see
James M. Henderson and Richard E. Quandt, "Micrceconcmic Theory," McGraw
Hill, N.Y., 1971, pp. Soff.
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does not change. Both relationships do, in fact, changé over
time, and cur analysis must take them into account.

Hconomists have stressed that there are twd kinds bf
technical change which affect the productior relationship.
The first, termed disembodied technical change, arises when
certaln efficiencies are attained with any changes in the
types of capital, labor, or materials used. It is termed
disembodied ftechnical change because it is not associated with
new technological developments embodied in capital, labor, 'or
materials.

Disembodied technical change may arise from capital,
labor, or materials. For example, over time the company's
management and engineers learn to use the plant and equipment
more efficiently by better routing of product, scheduling of
processes, malntenance, etc. This 1s a manner of enhancing the
capital services rendered by a fixed plant and equipment, or,
for each F-x, of reducing the amount of capital services
needed. Even more important is the greater efficiency that
the labor force acquires through experience. Laborers learn
advanced skills and management learns how to use the labor
force more efficiently. Finally, materials usage may be
expected to improve, with lessening of waste as cutting of
aluminum sheets 1is done more efficientliy, fewer mistakes are
made, better recycling of scrap 1is achieved, etc.

Since this type of technological change may be viewed as
enhancing the quantity of factors which are used to produce
the F-x, it does not require that one factor be substituted
for another. Hence, disembodied technological progress may
be viewed as neutral in its impact upon the production func-
tion (5).

While in theory it is possible fo decompose disembodied
technical changes into their effects on the three factors, in

25
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prastice it is not possible tc do so. We therefore combine
all these changes into a single rate of technical progress, r,
and incoPporate it into the production function (5) to obtain:

eTtrerbu | . (6)

l1=2B
As each week passes thé learning term ert rises, which

implies that the input complex K°:PMK ralls:

koK = g~le Tt | (7)

Since it has been assumed that it takes one week! to
producé each F-x, t measures both the number of weeks that have
passed in the production process and the cumulative output, X,
of F-xs. We may therefore reswrite (6) as g

eTXgeropk (8)

SS—

1l =20

and (7) as

b,.k -1 =-rX
e .

k°Lom® = B (9)

Finally, it should be noted that this disembodied tech-
nical change will be associated with "learning."

b. Embodied Technological Change

A second type of technological change consists of a
discontinuous break in the methods of production requiring a

It should be noted that the use of cumulative output as a surrogate for
technical progress or "learning" is in contrast to Arrow's explicit
rejectior of this concept. Arrow uses cumulative gross investment, but
his object is to explain macroeconomic technological changes and all
progress is endogenized. See Kenneth J. Arrow, "The Eccnomic Implications
of Learning by Doing," Review »f Econemic Studies, Vol. 29, No. 80,

April 1962, pp. 155-173.

27




NP - (o . ORI st

move to a different function, 1In its simplest form the
chahge from an old to a new functiodn ié'simply a proportional
reduction in all inputs required to produce a standardized
output: a

1 = eBe™AxCLiME | as1 . (10)

We shall call this type of change composition neutral because
it does not affect the relative proportions in which XK, L, and
M are used.'®

It 1s expected that embodied technological change will
«éffect the ractors in different ways and that it will not be
composition neutral. Thus, a robotized assembly machine
would be expected to alter the substitution relationships
among inputs, e.g., less ldbor than was previously used would
be required on the assembly line. This type of technological
change is not associated with learning because it is accom-
panied by changés in the types of capital, labor, or material i
used in the production process.?

c. Summary ;
There are two types of technical change, disembodied and |
embodied. Disembodied technical change does not affect the
substitution relationship among the factor inputs, is factor
neutral, and is associated with learning. Embodied ftechnical
change usually will affect the relationships among the inputs
and conseqiiently may not be factor neutral.

'As an example, a new method of installing the engines reduces capital,’
labor, and materials' needs proportionally, although it reguires the
installation of some replacement capital. Or, faster methods of moving
materials through the production process might effect similar savings,
aithough newly developed capital goods must be employed in place of old.

*The mathematical representation of this type of technological change is
presented in Appendix A.
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It is possible to derive cost functions from any production
fuhction. The cost functions obtained from the Cobb-Douglas
function with disefibodied technical change are derived in
Appendix B. The results indic¢ate that the minimum cost of the

x*® Unit will be of thé form -

c, = ve TX | (11)
As x increases, C will follow %he exponential function (11)

rather than the usual logarithmit formulation of the learning
curve

_ a
C, = AX" . (12)

8 This result implies that if the technology can be rep-

3 resented by a Cobb-Douglas production function, then the
learning curve (12) customarily used is only an approximation
e of the true learning curve (11). Nevertheless we shall use
(12) and assume that it is a gocd approximation of (11).}

Appendix B also demonstrates that the conventional
learning curve (1) may be related to the production function
with disembodied technical change:

o 2 19, T
ol il - 2t AT MR N

C =

A
A X a

rerCLOMK) =18 (13)

g

ox
3

R A S R T T R R A e S
R ¥ stxﬂ,“g‘g{;\ S ”?ﬁ{‘,ﬁ S

¢, bk -1 -rX
e .

where K°L'M™ = B (14)

'Both curves are convex functions (if r>0 and a<0), but the functional
relationship between r and a is ccmollcated
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Let us interpret these relations. The learning curve is
.a reflection of generalized or "disembodied™ %echnélogical
progress that springs from using labor and materials more
éfficiently with experience. The factor proportions [K/L, M/L]
will be determined by factor prices and minimum-cost analysis
(sée .Apvendix B). The factor requirements for each successive
F-x will conform to (13), falling as x rises. These reduced
KcLka terms in turn will reduce costs in conformance with the

learning curve.

2. Embodied Techqical Change

It is vossible to derive similar relaticnships between
learning curves and »nroduction functions when embodied tech-
nicai change is present. The results of Appendix B indicate
that embodied technoldogical change lowers the position of the
learning curve. Moreover, if the embodlied change is compos-
ition neutral, and if the learning rate is unchanged, then
the new curve will be paraliel to the o0ld on a double log
grid.

If the technology provides a lesser opportunity for
"learning," the old and new learning curves will not be par-
allel. In addition, if the technolcgical change is not factor
neutral, the implied learning curves again will not be par-
allel.

3. Summary

Our enalysis has shown that the learning curve used in
¢cost analyvsis is related to the cost functions obtained for
cost minimizing procedures applied to production functions.
The learning curves can also be directly related to production
funciions which include either disembodied or embodied tech-

nological change.

30

fos ..T.f...*
b d
B N L P T

L

GREAR s

EES

<
qu¢m vy




¥

S

io¥

o

i

AR
e le T

€S

SRR I
A

R fR LT

SR

G

Ty gk AR A A A WS NI b aancnsen s wine i omom - - A % " 475 s s

C. PRODUCT QUALITIES, CERs, PRODUCTION FUNCTIONS, AND

LEARNING CURVES

Qur analysis has established that the production function
and learning curves are related. The remaining task is to
establish the functional relationship between CERs, the produc-
tion function, and the learning curve., In order to establish
this relationship, it is first necessary to analyze the effect
that changing product qualilities has upon the production func-
tion. This procedure is required because CERs relate costs to
product qualities, but the production functions analyzed above
have not considered how these product characteristics affect
factor inputs and costs.

1. Product Qualities, Production Function, and Learning
Curves

Aircraft CERs have previously assumed that two relevant
characteristics, weight and speed, best explain the cost of
developing and manufacturing aircraft. We shall now determine
the conditions uncer which it is possible to derive the
learning and cost curves for the F-x from these product qual-
ities. We shall assume that the F-x has speed and weight
characteristics which are different from those associated with
previous aircrafv. However, we shall also assume that the
F-x can be produced with essentially the same disembodied and
embodied technology.

This assumption implies that the new qualities will have
no impact upon the minimum-cost factor proportions. Con-
sequently, the Cobb-Douglas production function with technical
change may now be written in the rorm

1 = B(5Q,+6,0,) eT¥gCrouk | (15)

where Q, and Q2 are measures of the qualities of the system,
in this case speed and weight.
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The learning curve can be derived as previously, yielding

.
A ¢.b.k.~1lla

c, = s [(B(61Q1+62Q2) kC1.om%) J , (16)
K°r.ouX = B‘(61Q1+62Q2)e“rx ) (17)

The question that must now be addressed is: How does the
learning curve of the F-x differ from that of other aircraft
when the weight and speed of the F-x are taken into account.
It can be demonstrated (see Appendix C) that for any specified
output, the two learning curves will differ only by a mul=-
tiplicative factor, @, Thus the learning curve for the F-x
weuld be parallel to the learning curve for older aircraft,
and the total costs for any specified quantity would also
differ by this multiplicative factor.

However, fthis conclusion holds only with three crucial
assumptions:

e Product qualities change in a factor neutral manner. '

e Technology remains constant.

e The rate of learning (disembodied technological
change) does not change.

2. CERs and Quality Changes

The CER 1s of the form
_ m.n

Let us now compare the predicted costs of the F-x obtained

from its characteristics le, Q2x’ with the costs of other
aircraft obtained from thelir characteristics. For a specified

quantity of the F-x,

- m n .
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a multiplicative factor:
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|

§ - For other aircraft with the same output,

g%é’ Ao

& Cmom

. The ratio of the two costs (19a, 19b) for the same output is

m n
°rox _ [ %x %ex
C m n

° %0 9

v . (20)

3. Comparison of CERs and Production Learning Curves

The‘conclusions of the previous two sections indicate
that quality changes shift both the learning curve and CERs
by multiplicative factors. The 'first shifts by the factor Q;
the latter by the factor ¢,

However, this finding does not indicate that the two
approaches will yield identical results. It must be remembered
that three assumptions were required to demonstrate that the
learning curve shift was multiplicative. Moreover, the two
multiplicative factors, Q@ and Y, need not be identical.

Thus, we cannot conclude that the cost estimates obtained
directly from CERs and those derived from production functions
incorporating qualities must be identical. Moreover, when the
three assumptions associated with the learning curve are
relaxed, there is even less likelihood that the two estimates
are similar.

D. SUMMARY

This chapter has shown that there is a direct relationship
between the production function and lesrning curves. The
analysis showed fthat disembodied technical change is associated
with learning. The production function approach was expanded
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~function would have generated.

to show how product quality changes would affect the cost of

production. The theoretical cost predictions obtained from

CERs were compared with the estimates that the production
It was shown that the two

approaches would yield similar results oniy if a large number

of assumptions were made.
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Chapter IV
- : PREVIOUS INDUSTRY STUDIES OF TECHNOLOGICAL CHANGE

Cﬂépter III (and the associated Appendices) demonstrated
that the produéEIbn\gosts of a given system may be affected by
two types of changes.\\FTrsti\there may be technological
changes which affect the metthE\ef\QEPduct;on, and these
changes usually lower the costs of prodﬁbing\a given system.
Second, there may be changes in the quality d;\Ehangpteristics
of the system. These product innovations may either\Iﬁbrease

or decrease costs, depending on the direction of change. T

Increasing complexity and improving the quality of the product
would generally increase costs, and vice versa.

It is possible to illustrate the two concepts theoret-
ically. Figure 1 shoews how the time trend of costs of an
increasingly complex system can be divided into the two
effects, increased complexity and lowered production costs.

c
\\\\\\\\A complex product
Costs ¢
s
1 '\\\\\\\\E;\
C PR G IR D WPR WP WP G W G WD G W WD W N
s simple product

Time

Figure 1. COSTS OF PRODUCING SIMPLE AND COMPLEX
PRODUCTS WITH TECHNOLOGICAL CHANGE
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Over time, the unit costs of producing a standardized
quantity of the system rise from Cs to CC. Thi: increase,
however, is the result of two offsetting movements. If the
quallity of the product had remained unchanged, embodied and
disembodied technological change would have reduced the costs
to Ci. However, the newer system became more complex, as
1llustrated by a higher cost relationship. The effect of this
increased complexity is measured by the distance B-B' or

0011

While 1t is possible to 1illustrate these separate effects,
it is empirically difficult to divide the observed results
into the two distinct components.? Generally, previous
economic analyses of product and process innovations have not
separated the two effects. It would be instructive to survey
the existing industry literature on technological change to
examine both the methodology and findings.

T~A__ GENERAL STUDIES

S

There*is\g\considerable literature on the relationship
between researcﬁ\ﬁnd\gevelopment, innovation, and the diffu-
sion of new procedures\gﬁd\egpnomic variables such as market
structure. These studies havé\Béen\§ummarized by XKamien and

'If the system had become simpler, the new curve would have lain below the
cost relationship for the simple product. In uhat case the two effects
would have reinforced each other and the aetual costs would have declined
over time.

®Blaug had a similar observation when he indicated it was possible to
distinguish new ways of making old products from old ways of meking new
products. An analysis involving new products and new techniques is more
difficult, 3ee M. Blaug, "A Survey of the Theory of Process -
Innovation," Zeonomica, February 1963, op. 13-32.
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Schwartz,'! Gold,? Kennedy and Thirlwall,® Gcid, Rosegger, and
Boylan,*® and Scherer.® While it is not necessary to review
this literature, several points should be noted.

First, little effort is made to distinguish between
process and product innovations. The reasoning is that the
improved product originating in one industry becomes the
improved process of another industry.® This approach is
appropfiate in considering the economy-wide interrelationships
between innovation and economic variables. It is not appro-
priate in analyzing technological change in one industry.

Moreover, 1t 1is possible that the process and product
innovations of one industry are interrelated. For example,
a rew and improved aircraft, when produced, would be consid-
ered a2 product innovation. However, some performance char-
acteristics (such as higher speed) of that aircraft might
require that the aircraft be constructed from newer materials
such as titanium. The techniques for producing an aircraft
made from titanium are different from the processes used to
manufacture an aircraft primarily utilizing aluminum. Thus,
new processes for machining and fabricating titanium parts
must be incorporated into the aircraft manufacturing process.

Morton I. Kamien and Nancy L. Schwartz, "Market Structure and Innovation,"
Journal of Zeonomic Literature, XIII, No. I, March 1975, pp. 1-37.

pela Gold, ed., "Research, Technological Change and Economic Analyses,"
Lexington, Mass, Lexington Books, 1976.

3C. Kemnedy and A.P. Thirlwall, "Technical Progress: A Survey," Economic
Journal, Vol. 82, No. 325, March 1972, pp. 1l=-72.

*Bela Gold, Gerhard Rosegger, and Myles G. Boylan, Jr., Evaluating Tech-
nological Inmovations: Methods, Expectations and Findings, Research
Program in Industrial Economics, Case Western Reserve Univ., 1979.

SPrederic M. Scherer, "Industrial Market Structure and Economic Perform-
ance," Chicago, Rand McNally, 1980, pp. U407ff.

kamien and Schwartz: op.ett., p. 2

S
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The process innovation is consequently directly connected to
innovation.!

In examining these specific industry studies, we shall
be interested in determining whether they shed light on the
basic issues of concern:

¢ What is the relationship between product quality

and the production function, especially if the
new qualities require a new technology?

e What 1s the behavior of costs for fixed product
gualities when there 1is technological progress,
elther of the embodied or disembodied variety?

B. STUDIES OF SPECIFIC INDUSTRIES

1. Light Bulb Production

Bright? described, for thirteen cases, the benefits and
costs of introducing newer automated equipment and the implica-
tions of this automation for business management. The analysis
of light bulb production suggested that there was a rela-
tionship between the quality of the product and the.manufac-
turing which was adopted.® A similar relationship was also
implied between the quality of inputs and the production
technique.® However, there was no quantitative analysis of
these relationships.

2. Shipbuilding Industry

The Beazer, Cox and Harvey® study of the US shipbuilding
industry examined capital labor and investment/worker ratios

'Gold, et.al, pp. B0-41 recognize that innovations may directly affect
the qualitative characteristics of both inputs and outputs.

2James R. Bright, Automation and Management, Graduate School of Business
Administration, Harvard University, 1958.

*Idem., p. 26.

&

*Idem., p. 138.
*William F. RBeazer, William Cox and Custis A. Harvey, "US Shipbuilding in
the 1970s," Lexington, Mass., Lexington Books, 1972.
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~ over a number of years. The study compared characteristics

of the US shipbuilding industry with features of the same

> industry in other countries, and incorporated an analysis of

the technology used in the shipbuilding process.' Since there
was no intent in the study to demonstrate that production
processes may change when the quality of the product is varied,
there is no analysis of the technological changes which have

occurred over time.

3. Computer Industry

Harman® conducted an intensive analysis of product innova=-
ticn in the computer industry. He measured the capabilities
of ccmputers on the basis of the computer's central processor
speed, the time the vrocessor 1s idle waiting for information,
and the memory capacity.® The actual and Harman's estimated
values of computer performance are displayed in Figure 2.
The evidence (as is well known) demonstrates a tremendous
growth in the performance of computers. However, Harman did
not seek to relate these product characteristics to production
processes or input requirements.

Chow's"* study of the technology and demand for computers
also did not address that question, but his approach solved
the problem of aggregating distinct computers, each of which
had differing qualities or characteristics.® Chow assumed

'Idem., pp. 27-38 and pp. 141-146,

*Alvin J. Haxman, The International Computer Industry: Innovation and
Comparative Advantage, R-474-PR, Santa Monica, CA, The RAND Corporation,

1971.

3Idem., p. 70. This measure is derived from X.E. Knight, "Changes in
Computer Performance: A Historical View," Datamation, 12, No. 9,
September 1966, pp. 40-54.

*Gregory C. Chow, "Technological Change and the Demand for Computers,"
American Economic Review, LVII, No. 5, December 1967, pp. 1117-1130.

Gold hes argued that technological change studies could not use a
production function approach because neither the input nor output could
be aggregated due to gquality differences.
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Figure 2. ACTUAL AND ESTIMATED VALUES OF COMPUTER PERFORMANCE

Source: Harman, op.ectt., p. 91.

that computers, regardless of the specific qualities, can be
grouped as a single good. The quantity of this computer good
was measured as the real rental value that a specific system
would realize. In turn, the rental value of any specific
system was a function of its characteristics, namely, mul-
tiplication speed, memory size and access time.! After cal-
culating the "quantity" of computers in existence (based on

'This transforms the characteristics of a multidimensional product to a
single index, its rental value.
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the performance characteristics), Chow demonstrated that the
price of computers, when their quality attributes were taken
into account, declined nearly 90 percent between 1954 and
1965, This statement does not mean that a computer actually
being sold (rented) in 1965 had a price only 10 percent of the
selling (rental) price of a 1954 computer;' the newer computer
would perform more and might actually cost mcre in constant
dollars than the older system.?

4, Automobile Industry

Abernathy® analyzed the productivity and innovations of
the Ford Motor Company; he considered both product and process
innovations on the assembly line and in the engine plant. He
concluded that the efforts to improve productivity often limit
the ability to change the products or process. This 1s the '
result of introducing an equipment-intensive structure into
the manufacturing process; consequently, it is difficult to
make even minor changes without affecting the entire process.’

Although Abernathy explicitly recognizes the interaction
of the product and process innovations, there 1is no attempt
to describe in detaill the extent to which quality changes have

'This decline occurred despite an approximate <0 percent increase in the
GNP inflator over the same period.

2Unfortunately, neither Harman nor Chow provide the actual rental or sales
prices. On the other hand, Sharpe had concluded that the costs of
producing a computer with specific fiwed capabilities fell about 20-25
percent per year through the 1960s. William F. Sharpe, "The Fconomics of
Computers," Columbia Univ. Press, N.Y., 1969, pp. 262 and 353.

*William J. Abernathy, "The Productivity Dilemma," Jomns Hopkins University
Press, Baltimore, 1978.

*Idem., p. 69. However, this result may not hold universally. Foreign
automobile manufacturers have introduced product innovations using
processes similar to those utilized in the US.
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affected production costs.! Data are presented which show
the numbers of labor hours utilized in engine manufacture and

final assembly but these data are not adjusted for quality

changes in either the inputs or the output.? The available
data (see Figures 3 and 4) show the effects of learning, but
also demonstrate that the introduction of a new process may

raise costs substantially.

5. Petroleum Industry

Enos’ undertook a very careful study of process innovation
in the petroleum industry. He traced the development of the
various technigues which have been used to refine crude oil
into such final products as gasoline, kerosene, etc. The
analysis of production processes involving a homogeneous
product, such as oil, is considerably less complicated than
the study of production functions for outputs, which over
time exhibit fundamental changes in their attributes. This
may explain why Enos' study provides such an excellent explieit
documentation® of the relationship between production costs
and technological change.® However, even in this case it was .

For example, Abernmathy shows that the assembly labor content per car has
remained relatively constant from the 1920s to the 1970s. Part of this
is attributable to less subcontracting and the greater complexity of the
newer cars. Idem., p. 158. However, Abernathy does not adjust the data
for these factors. Moreover, it is also possible that the composition
of the workforce might have changed over time. Abernathy recognizes that
non-salaried labor hours in engine manufacturing are not identical to
production labor, but time trends in the use of different types are not
presented.

1dem., pp. 156-159.

$John L. Enos, "Petroleum Progress and Profits," Cambridge, Mass.
Massachusetts Institute of Technology Press, 1962.

*Idem., pp. 246-258,

0n the other hand, Bright (op.eit. pp. 9-10) indicated that few executives
were able tc provide any data about the cost savings that autcmation had
provided to their own plants.
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necessary to adjust the costs for changes in the quality of
gasoline as measured by the octane ratings. Hence, some of
the decreased real costs holding quality constant would not
actually have been observed at the pumps because the phblic
obtained a higher quality gasoline. Figures 5 and 6 show how
the productivity of labor and capital increased with the
introduction of a succession of new processing innovations.®
Naturally the obverse of this relationship would show declin-
ing costs for producing a given level of quality adjusted
output. '

6. Steel Industry

There have been a number of studles of the Basic Oxygen
Furnace (BOF) process for making steel.? From these studies
it has been possible to derive the cost savings that would
result from the replacement cf open hearth furnaces with the
new BOF process. It is possible tc obtain those figures
because steel is a relatively homogeneous product. There are
quality variations in the alloy content of steel, but Rosegger's
latest study of the BOF process does not directly analyze the
relationship between costs and the quality of the product .’

c. SUMMARY

A number of studies hiave examined processes and product
innovations in specific industries. Enos' study of the petro-
leunm industry provides explicit answers to the questions which

'Enos also presents similar date for energy and raw material inputs.

%See Gerhard Rosegger, "Basic Oxygen Furnace: Technological Characteristics
and Expected Economic Effects," in Gold, Rosegger, and Boyle, loc.cit.,
for a bibliography.

3Such an analysis wnald have shown how fechnological change which affects
product qualities aiso affects costs.
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%i concern us. That study showed how production costs were

%§ related both to the quality of the product and the process

yéﬁ innovations which occurred. Petroleum is a relatively

%@ homogeneous product and this may explain why 1t was possible

a8 to obtain explicit data.! It may have been much more difficult

to document these data for a product such as an automobile
which has multi-dimensional characteristics.

Using these findings and methodologies as background,
we now turn our attention to the technological cnanges which
have occurred in the aerospace industry.
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'The availability of data for the steel industry seems to corrooorate
this view. It may be possible to derive process (i.e., engineering-
based) models of the production flow for each homogeneous product. See
A.A. Walters, "Production and Cost Functions: An Econometric Survey,"
Zeonometrica, January-4pril 1963, pp. 1-66., Process tyve models have also
oeen used in a different ccntext by Barry Eosworth, Capacity Creation in
Bisic Materials Industries, Brookings Sconomic Paper, 1976, #2, pp. 297-
341.
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Chapter V

TECHNOLOGICAL CHANGE AS REFLECTED IN THE
QUALITY OF FIGHTER AND ATTACK AIRCRAFT

Chapter IV considered the difficulties that were involved
in analyzing technological changes in terms of its two compo-
nents, production processes and product qualities. The best
estimates of cost reductions attributable to technological
change were derived for industries where the product was
relatively homogeneous. We now turn to an analysls of some
of the technological changes which have occurred in segments
of the aerospace industry over the period 1960-1980. 1In this
chapter we present a variety of measures which provide informa-
tion about changes in the performance characteristics of"
military combat aircraft.

A. GENERAL MEASURES OF QUALITY CHANGE

In a previous study, Stekler identified some trends
which had occurred in the aerospace industry up to the early
1960s.! That study indicated that the military products of
the industry were becoming increasingly complex.? This was
measured by (1) the ratio of research and development costs
to total system costs, and by (2) the number of electronic
components contained within various weapons systems. Our

'Herman 0. Stekler, "The Structure and Performance of the Aerospace
Industry," University of California Press, Berkeley, 1965, pp. 1-24.

2Idem., po. 18-19. That study used data obtained from Merton J. Peck and
F.M. Scherer, "The Weapons Acquisition Process," Harvard Univ. Press,
Cambridge, 1962.




analysis first determines whether these trends continued
through the 1970s.

1. Research and Development Expenditures

The earlier analysis of research and development expenu-
itures relative to procurement éosts included a sample of both
bombers and fighter aircraft. The R&D expenditures were
compared with total system costs and not with procurement costs
for a specified quantity of aircraft. Consequently, if the
same amount of R&D expenditures had been expended, but the
total buy had been changed, the ratio of R&D outlays to total
costs would have been altered.

The subsequent analysis uses data only for fighters,
fighter-bombers, and attack aircraft. Moreover, the comparison
of R&D costs and procurement costs is standardized across all
alrcraft. The costs in this analysis refer only to airframe° y
outlays, and the research and development costs are compared
with the airframe costs assoclated with the nrocurement of the
first 100 aircraft of each type.

Several comments are required at this point. First, the J.
data which are used were derived from a study prepared by
J. Watson Noah Associates, Inc.'! Second, the Noah data are
divided into the categories nen-recurring and recurring costs;
we assoclate the former with R&D costs and the latter with
procurement costs. Finally, some of the non-recurring costs
are derived by an innovative statistical technique since the
cost data were not available by these classifications for the
earlier airframes.

'J.M. Noah, J.M. Daniel, C.F. Day, and t L. Eskew, Zstimating Airera’t
dequisition Costs by Parametric Methods, J. Watson Noah Assoclates, ,
FR-103-USN (abridged), September 1973. ‘
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Table 7 presents the total, non-recurring, and recurring
cost data for the airframes of fighters and attack aircraft.
Tne aircraft are listed sequentially according to the date of
delivery of the first production units, encompassing the
period 1947-1972. All dollars have been converted into 1970
constant dollars.

First, there is an upward trend in the total cost (in
real dollars) of developing and procuring the airframes of the
first 100 units of each type. Although the trend is not
monotonic, on average, the first 100 airframes of the newer
types of fighter and attack aircraft cost more than earlier
models.!}

Second, it should be noted that the non-recurring costs
as a percentage of total costs are higher on average for the
later model aircraft than they were for the earlier alrcraft.
While the result is not true for every individual type, the
discrepancy may be the result of the estimating techniques
used by Noah Associates to divide the known total costs into
the separate categories, recurring and non-recurring.?
Despite the absence of a uniform trend, the evidence is suffi-
ciently strong to suggest that, for a standardized quantity,
non-recurring costs over time have become a larger percentage
of total costs.

The data for the A-7A/B are not consistent with the statement. However,

it must be remembered that the A-7 was developed from the F-8 which is not
included in the Noah data set. (In fact, RAND now does not include the

A-7 in its data base as a new model aircraft.) The F-5 is also not included
in the Noah data set.

In a later study, Noah Associates rep.aced the recurring/non-recurring
dichotomy with a different classificatiion scheme. Costs were now divided
into the categories of design and production. The former included systen
develcpment cost (both recurring and non-recurring) and engineering cost..
for test airframes. This newer dichotomy differs from conventional def-
initions including the Cost Information Reports and appropriations cat-
egories. Unfortunately, Noah did not publish data, similar to those
presented nere, using the new categories.
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These two pleces of evidence suggest that aircraft have
become more complex. First, the real total costs of the first
130 airframes of successive models of fignhter and attack air-
craft have increased with time. Second, non-recurring outlays
(which are a proxy for R&D expenditures) have become a larger
percent of those total procurement costs.

2. Electronics Components

There is another and more direct measure of the increased
complexity of combat aircraft--the electronics content and
subsequent costs of these aircraft. O0One estimate was that the
average electronics fraction of total aircraft cost has
increased from between 10 and 20 percent in the 1950s to
between 20 and 30 percent by the early 1970s.! Another
measure of this increased electronics content is the weight of
avionics equipment installed in various types of attack and
interceptor aircraft. Figure 7 shows a clear trend in the
installed weight of avionics system; avionics in the F-8%
weighted 200 pounds, in the F-1ll4 the installed weight was
between 3,000 and 4,000 pounds.

This increase in installed weight occurred despite the
spectaculayr technological breakthrough in electronics which
substantially increased the number of functions that cculd
be performed per pound of equipment. The improved equipment
performance resulted from new technologies such as the
transistor, large scale infegration and miniaturized assem-
blies. One such estimate of the functions per pound of
equipment is presented in Figure 8.

'Howard P. Gates, Barry S. Gourary, Seymour J. Deitchman, Thomas C. Rowan
and C. Cavid Weimer, Zlectronies-X: 4 Study of Military Electronics With
Particular Reference to Cost and Relzabzut+u, Report R R- 105 Institute for
Defense Analyses, Arlington, VA, January 1974, oo. 56, 154 and 377; see
also dviation Week & Space Technology, March ll, 1974, oo, 10.7-109.
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Figure 7. AVIONICS SYSTEM WEIGHT TREND IN ATTACK AND
INTERCEPTOR AIRCRAFT
Source: Gates, et al., op. ett., p. 57.
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It is obvious that increased installed avionics weight
concomitant with an increase in the functional capabilities
implies that more functions were required of the elecftronics

equipment. This indicates quite clearly that the complexity

of combat aircraft has increased with time.!

-B. SPECIFIC QUALITY CHANGES ASSOCIATED WITH FIGHTER AND

ATTACK AIRCRAFT

The previous discussion of the quality of modern combat )
ailrcraft dealt with relative intangibles such as complexity.
There are direct measures of the performance that can be
obtained from combat aircraft which include--

Max speed

Cruising speed

Combat ceiling

Payload

Range

Rates of turn and climb ;
Take off distance |
Landing distance

e Landing speed | T
e rndurance,

Table 8 presents information about the characteristics
associated with a number of combat aircraft which were opera-
tional in the 1960s and 1970s. The data show that in some
dimension the performance of the aircraft increased, 1i.e.,
they either fly faster, higher or carry heavier payloads for

'DoD might not have benefitted from the decreasing cost of electronics
that has been observed in other markets, for the military requires
specialized equipment in relatively small quantities. This implies that
the military must pay for the high costs of special designs, small
production runs and special quality control. See Gates, et.al., op.cit., ’
Electronics-X: pp. 64-138.
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a longer distance. Moreover, both ths takeoff and landing

“distances have been reduced.

In order to achieve these performance characteristics, a
number of aerodynamic design changes were introduced including--
e Changes in the wing design to reduce drag at
supersonic speeds.

e Introduction of new metals and materials to
withstand the heat generated by supersonic speeds.

e Development of the variable sweer wing.

e 1Increase in the operating temperaﬁures of aircraft
engines, thus requiring new materials with different
temperatiure, strength, and weight characteristics.?

e Development of engine inlets that permit aircraft
to operate efficiently over broad flight spectra.
The aerodynamic design changes which helped to produce
some of the observed performance characteristics sometimes
. required changes in manufacturing technology and/or production
inputs. In the next chapter we shall examine how the methods
of producing military aircraft changed over the past two

decades.,

astronautics and Aeronauties, March 1980, p. 31
2qviation “eek and Space Teehnology, June 22, 1970, p. 27.
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Chapter VI

THE RELATIONSHIP BETWEEN QUALITY CHANGE
AND AIRCRAFT PRODUCTION TECHNOLOGY

Chapter V discussed the fact that changes in manufacturing
technology and/or production inputs were required because of
the new designs and performance characteristics of fighter
alrcraft. This chapter will examine these changes. It will
focus upon changes in both the number and types of inputs,
namely, naterials, capital and labor. This chapter will also
aralyze the production interrelationships between these v-rious
inputs.

{t 1s first necessary to characterize the production
processes of this industry and to distinguish the piocess of
manufacturing military aircraft from the techniques used in
cther industries.

A. PKODUCTION PROCESSES

A simplified description of industrial processes suggests
that they can be divided into three categories: (1) continuous
processing, (2) high volume mass production of discrete items,
and (3) low volume batch processing of individual items.! The
first classification consists of manufacturers, such as oil
refiners, who produce a zontinuous stream of goods which are
indistinguishable from each other. The production processes
are highlr automated.?

*Controller General of the United 3tates, ceneral Accounting Office,
Manufacturing Technoiogy ~ A Changing Challenge to Improved Productivity,
TCD-75-43€, June 3, 197¢, p. 20.
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The discrete parts' manufacturers "change the shape of
materials to produce discrete components that are assembled
into functional end products."! These products may be produced
tn large volume with mass production techniques or in smaller
amounts using batch processes. The mass production techniques
are characterized by high mechanization which is relatively
inflexible:.? On the other hand, with batch processes the
volume is low, products are not standardized, and the machin-
ery must be extremely flexible. General purpose equipment

would be used to produce a variety of parts.

About 75 percent of all metal working items are produced
in the batch mode, and the technology of the military aircraft
industry must be placed in this category. At present these
aircraft are produced at the rate of only 1 to 4, 6 or 8 per
month, depending on the particular model. This consideration
must be kept in mind in all subsequent analyses of the produc-
tion process. The introduction of mass production techniques
is not to be expected, When new machinery is introduced, it is
likely to be flexible and adaptable. '

B. NEW MATERIALS

One of the mdjor technological advances in the military
aircraft industry has been the introduction of new materials
from which the structural comronents of the aircraft have been
fabricated. The major new materials used in these aircraft
are titanium and composites. In turn, the increased use of
these new materials has required new manufacturing and fab-
rication techniques and machinery.

'rbid.

‘Idem., 5. 21. Abernathy's study of the automobile industry made a similar
point,
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1. Titanium

An increasing pe.centage of the weight of military aircraft
airframes consists of structural components fabricated from
vitanium. For example, 9 percent c¢f the F-4 airframe weight
consisted of parts made from titanium. This rose to 25 percent
for the F-14 and 34 percent for the F-15.' An increasing
amount of titanium has been Incorporated into airframes because
of the properties of the metal which combines high-strength,
temperature resistance, and relatively low weight.?

While titanium has characteristics which make it desirable
for use in narts to be incorporated into the airframes of

combhat aircraft, it is a metal which proved difficult to handle

in the manufacturing process. New procedures for handling
titanium and titanium alloys had to be developed for all the
traditional metal processing techniques including riveting,
welding, cutting, chemical milling, bonding and casting.? For
instance, casting titanium was considered difficult because the
metal was reactive. On the other hand, it was considered
especially important to learn to cast complex parts from the
metal because the forging and subsequent machinery procedures
were soO expensive,

An example illustrates how expensive It is to machine a
titanium part. The center fuselage bulkheads for the F-15 are
made from titanium and are machined from metal forms delivered
to McDonnell-Douglas. The delivered weight of the metal from

YAviation Week and Space Technology, January 26, 1976, p. 33.
2gviation Week and Space Technology, November 20, 1967, pp. 228-235.

'For information about the problem that the aerospare industry enccurtered
in th: manufacturing process of varts made from titanium see the following
issu:s of Aviation Week and Space Technology, Dec. 2, 1963, 48-61;
Dec., 9, 1963, vp. 98-11l; Mar. 10, 1966, p. 45; Aug. 29, 1965, v. 97;
Sept. 19, 1960, p. 105; Nov. 6, 1967, p. U7; Dec. 16, 1968, np. 81-U3;
Nov. 24, 1969, ». 32; and July 1%, 1971, pp. 52-54.
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which the lower bulkhead is machined is 1,250 pounds. The
finished bulkhead, after milling, weighs only 145 pounds.
Similarly, the upper half of the bulkhead weighs 100 pounds; it
is machined from titanium forms weighing 900 pounds.!

The introduction of titanium and the development of new
manufacturing processes requi~ed the development of new metal
working machinery. This aspect of the change in production
technology will be discussed in a later part of this chapter.

2. Composites

Composite materials are polymeric or metal matrices
reinforced with fibers or filaments. There are many such
reinforcing agents including boron, carbon, glass-fiber mix-
tures and graphite.? The advantages of these new materials
are greater strength, less fatlgue, non-corrosion and lower
welght. It has been estimated that components made from these
composites weigh 20 to 70 percent less than similar components
made from titanium.?

One of the main disadvantages of these materials is their
expense. At present, structures made from some of the newer
composites would not be competitive in price with metal
structures or even with some of the older composites such as
carbon-epoxy. However, the composite materials might have
lower scrappage rates.

'Aviation Week and Space Technology, Oct. 29, 1973, p. 48.

2Information about the use of the composite materials was obtained from the
rollowing issues of dviation Week and Space Technology, March 17, 1968,

pp. 46-52; May 27, 1968, pp. 61-70; June 3, 1968, pp. 49-T4; Aug. 18, 1969,

pD. 51T June 22, 1970, pp. 29-41; July 12, 1971, po. 47-<49; July 15,
1974, pp. 15 and 235-238; January 0%, 1976, pp. 72~77 and 123-12%; and
January 8, 1979, pp. 35-41,

3:? 38 also possible to construct a portion of the airframe using 2 smaller
TTaaiod? oI cumponents vhen are required using a metal structure. Aviation
Heek and Space Techrology, Jan. 13, 1975, o. 39.
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The F-14 was the firct aircrart designed from the start
to use composite materials. There, boron-filament reinforced
epoXy sheets are used as the outer skins of the horizontal
stabilizer.! Currently, composite materials account for about
10 percent of the structural weight of the F-18.2

Again the manufacturing techniques utilized to fabricate
components made from these materials were affected. Here,
however, the main problem appears primarily to be the cost of

tooling required to manufacture the items.?® Generally, large
Integrated unitized components are manufactured by hot pressing.
This procedure generally requires expensive tooling such as the
matched die sets required for pressing under high pressures.®

c. CAPITAL EQUIPMENT AND MANUFACTURING TECHNOLOGY

The higher performance requirements of modern aircraft
could only be attained by using newer metals, alloys and
materials. In addition, some of the structural components of

these aircraft have become more complex and closer tcler-

? ances have been required. These technological changes in the
: design of the aircraft, in turn, have necessitated the
development of new capital equipment® and manufacturing

'qviation Week and Space Technology, March 17, 1969, p. 46,

2pstronauties and Aeronauties, March 1980, p. 33.

%It had earlier been suggested that composite materials could not be
machined by cutting. The heat generated by the machining process could
melt the plastic matrix of a composite. See Aviation Week and Space
Technology, April 22, 1968, p. 61.

*Aviation Week and Space Technology, September 11, 1972, p. 90; January 26,
1976, . 75; fpril 19, 1976, p. 17; and January 8, 1979, p. 40.

*Moreover, these capital goods are now company-owned rather than furnished
by the government.
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technology.! These manufacturing techniques can be grouped
into three categories--traditional machining, non-traditional

machining, and forming.?

1. Traditional Machining Methods

The traditional method of machining an item was to remove

material in the form of chips by using a cutting tool on a
metal work piece. This operation was usually performed

manually by a skilled craftsman operating one of a number of

different types of machine tools. However, the more complex

parts of the newer aircraft required three dimensional machin-

ery with c¢closer tolerances than could be attained with a

manually operated tool. Consequently, the numerically con-

trolled (NC) machine tool was introduced in 1956.

A NC machine 1is a tool controlled by an electironic unit

which receives coded instructions, usually from a punched tape,

and directs the tool's motions. Thus the machine's actions

are under automatic control, and the successive items produced
by that tool using that procedure will be virtually identical.
The use of NC tocel not only simplifies the production process
and assures that the tolerance requirements will be met, but
also has an impact upon subsequent assembly procedure because

all parts are identical.

However, this study does not attempt to discriminate between those changes
in production techniques resulting from technclogical change and those
attributable to changes in factor prices.

2Information about the newer manufacturing techniques used in the aero-
space industry were derived from dviation Heek arnd Space Technology,
fpril 15, 1968, op. 56-82; fpril 22, 1968, pp. 48-61; April 29, 1968,
pp. 99-105; June 22, 1970, op. 232-2U2; January 26, 1976, pp. 81-82;
October 16, 1978, pp. 16-21; Qct. 30, 2978, pp. 42-46; November 20, 1978,
pb. 44-55, Also from the GAO report, Manufacturing Techmology - 4
Changing Challenge to Improved Productivity, op. ett. pp. 26=39.




The early NC machines controlled only one tool; later
versions, known as machining centers, had several different
types of tools built into one machine. These machines
automatically selected a tool, performed the necessary cutting
operations, and then replaced the tool.

The newest automatic tools are still more sophisticated.
They are directly controlled by small computers rather than
by punched tape.! Moreover, some of the machines are also
equipped with adaptive controls to optimize cutting speeds.
The controls have sensors which determine the hardness? of
the material on which work is being performed; this is an
especlally important characteristic when composite materials
are utilized.

The use of computers, etc., to replace the tapes which
formerly drove the tools saves time, since the machines do not
have to be reprogrammed after every batch job. Moreover, it
is now possible to combine the design and manufacturing
enginzering functions. This coordination has been designated
Computer Aided Design and Computer Aided Manufacturing (CAD/
CAM) and will be discussed below.

2. Other Types of Cutting Methods

The aerospace industry has also develored (and improved)
other methods for cutting the newer high strength materials.

This is more efficient because the machine does not have to retrace the
entire sequence of operations if a particular error occurs.

2The hardness of titanium and steel require slower cutting rates. Zven
then the tools wear out at faster rates than when aluminum is used.
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These materials are especially difficult to process if the
components have complex shapes or are thin walled.' These other
methods can be divided into three categories, chemical milling,
electrochemical machining and electric discharge machining.
Chemical milling was first used in World War II and has sub-
sequently been improved. It is a method for removing metal by
dissolving it in a chemical bath., Electrochemical machining
has been used to drill relatively small deep holes in nickel
and cobalt super alloys. This type of machining is a deplating
process in which metal is removed from a workpiece and flushed
away by an electrolyte.? Electric discharge machining can
produce complex shapes from refractory metals and alloys which
were once thought to be unmachinable. Material is removed by

a series of short electrical discharges between an electrode
and a workplece.

3. Forming

Forming originally was not as important as machining
among the aerospace industry's manufacturing techniques. Cur-
rently, the process of producing parts by pressing and forging
1s receiving greater attention. These forming processes save
both materials and machining time and produce parts which are
near-net shape, i.e., very close in form to the required final
product.

The greater interest in producing near-net shape parts
was stimulated by the high and rising costs of the newer
metals. Using the traditional methods of producing aircraft
parts, fen pounds of metal inputs were often required to produce
a finished part weighing one pound. The newer methods--hot

'The parts may be too complex to be handled by the conventional tools or
the sections may be unable to withstand even light machine tcol pressures.

2jutomated electron beam drilling is currently being developed.

N
(@AY

A P, P o s %o




G

pressing and isothermal forging'--have reduced this ratic to

O

2:1., A second veason for the growth of these forming tech-
niques? is the number of difficulties (already noted) asso-
clated with machining these newer materials. '

4, Other Manufacturing Techniques

The aerospace industry has also developed new joining
techniques which include automated welding and diffusion
bonding. The use of these techniques reduces both the number
of complex forgings and the machining wﬁich are required to
fabricate complex structural parts. Instead, the techniques
permit the manufacture of single.parts which are then joined

to form the finished complex structures.

5. Computer-Aided Design (CAD) and Computer-Aided
Manufacturing (CAM)

Some aerospace firms are now adopting manurfacturing
techniques by which computers directly control the operations
of a number of machines. "Dozens of machine tools can now
be simultaneously operated and controlled by a single hierar-

"3 This procedure increases machine

chial computer system....
use and therefore the productivity of capital is enhanced.
Fewer machines may be required because the same general purpose
tool may be programmed to perform different functions on a

number of different parts.

In addition, computers aid in design engineering; there
has been a considerable reduction in the time requi-ed to design

'Both are based on powder metallurgy.

‘However, there are some additional costs associated with these techniques
including tne cost and maintenance of dies and the costs associated with
the heating and handling oroblems of the new metallurgical processes.

G0 report, op.cit., p.t19.
!
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and analyze the structure and aerodynamics of a new aircraft.!
Finally, the same data which are used to create the design may
be used to program the machine tool which produces the part.?

6. Summary

The increased performance required of the newer military
combat aircraft has been partially achieved by using newer
materials and more complex structural parts. These factors

have in turn required that new production techniques be adopted.

The aerospace firms have been responsive and have developed
new manufacturing éechniques. Some of these techniques were
developed by the companies and their suppliers using their own
funds, others were funded by the Department of Defense's
Manufacturing Technology Program, which is designed to induce
innovation in the defense industrial base.’

These industrial process innovations have also had impact
on the labor force employed by the aerospace industry. This
effect will be considered in the next section.

D. LABOR

A number of factors have affected the composition of the
wovk force employed in the aerospace industry. First, the

'McDonnell-Douglas estimates that its analyses of the structure and

aerodynamics can now be completed in two weeks. Previously, up to six months

may have been requirad to complete the task. Aviation Week and Space
Technology, October 18, 1976, p. 13.

“Therefore, it is conceivable that blue prints or engineering drawings
may not be required. However, if the manufacture of the parts must

be subcontracted, and if the subcontractor doces nct have identical CAD/
CAM capabilities, then these drawings are required. In some cases this
entails a duplication cf expenses.

*See Department of Defense, The FY 1981 Department of Defense Program
for Research, Development and dequisition, Statement by the Honorable
William J, Per“y Under Secretary of Jerense Research and Ingineering
delivered to the 96th Congress, Second Session, 1980, pp. I-20-21 and

V-12-13.
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greater use of numerically controlled machines required that
the industry hire mcre people who can program these machines
and substitute capital for production workers. Second, the
industry is now required to produce more paper documentation
along with the actual physical output,' which in turn requires
an increase in the number of empioyees who process these data.

It can be hypothesized that both factors would change the
composition of the industry's labor force. There should be a
tendency for other employees to increase relative to produc-
tion workers. The data in Table 9 suggest that the hypothesis
is correct. Since 1960, with the exception of the vietnam
War period, there has been a steady decline in the percentage
of aircraft industry employees who are classified as produc-
tion workers.?

There 1is, however, one caveat that should be added. Zm-
ployment data are not separately available for the civilian
and military sections of the standard industrial classification:
The Aircraft Industry (SIC 3721). Consequently, the data
refer to the entire industry and not to the military portion
alone. If it could be shown that the two sectors had different
trends, the stated conclusions would have to be modified.

Even among oroduction workers, there has been a composi-
tional change in the work force. The use of titanium and
complex parts has increased the amount of labor involved in
fabricating airframe components. However, this has simplified

'The point was made by off'icials within the Department of Defense and by
industry sources.

2McDonnell -Douglas has indicated that there was a considerable change in

the skill composition of the work forces used to menufacture tre 717 as
compared with that used to make the F-U4, Frr example, engineers constitute
19 percent of the inplant ™15 work force as ccmpared to 14 perzent for

the -4, Morecver, the P~15 figures dc not include the large number of
employees of the McDonnell autcmetion group who are involved in CAD/CAM
tasks for the 7-15.
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Table 9. EMPLOYMENT IN THE AIRCRAFT INDUSTRY (SIC 3721)
Year Total Production Production Workers
Employment Workers at a Percent of
Total
(Annual Average, (Annual Average, Employment
Thousands) Thousands)

1960 337.4 198.4 59
1961 N7.1 175.9 55
1962 334.7 175.1 52
1963 335.9 176.9 53
1964 319.2 175.7 55
1965 333.3 184.7 55
1966 417.3 239.8 57
1967 468.2 272.9 58
1968 487.8 280.9 58
1969 456.7 255.1 56
1970 371.2 197.5 53
197 294.7 149.9 51
1972 287.2 145.1 51
1973 | 300.5 151.5 50
1974 307.6 154.4 50
1975 292.8 140.9 48
1976 281.1 132.2 47
1977 274.9 126.4 46
1978 304.4 141.4 46

Source: U.S. Department of Labor, Bureau of Labor Statistics,

Employment and Earmings, United States, 1909-78, Bulletin

1312-11, 1979,

79




o i SRt BY 3
1%‘“ e

the assembly task and reduced the labor requirements for
assembly.1 The combination of these two factors has increased
the proportion of labor required for fabrication relative to
that used in assembly. At McDonnell-Douglas, fabrication and
assembly of the F-U4 accounted for 52 percent and 48 percent

of the shop work force, respectively; for the F-15, the
comparable figures were 57 percent and Y43 percent. This
change in the composition of the work force could have an
effect on costs since skilled machinists are generally higher
paild than are the workers iavolved in assembly.

E. SUMMARY

This chapter examined the te-hnolcgical changes involved
in the manufacture of military combat aircraft. We have noted
that all the factors employed in this process were affected,
l.e., new materials were introduced, the capital used in the
industry was changed, and the composition of the industry's,
labor work force was affected. The next chapter will employ
a case study to show how these technological changes have
affected costs of production.

'For example, the F-15 cirframe requires the use of over 400,000 fasteners;
the F-U4 used more than 600,000, This is one factor that has reduced man-
hours used in assembly by 45 percent. dviation Week and Space Technology,

October 29, 1973, p. 48.
71/7&

A RPN




Co g N N e

Chapter VII

CHANGES IN PRODUCTION COSTS AND TECHNCLOGICAL
CHANGE: A CASE STUDY

The previous chapter described the changes in aircraft
manufacturing techniques which have occurred over the past two
decades. This chapter will examine the impacts that these
technological changes have had upon the costs of producing air-
frames. The analysis (like that of Chapter IV) will show that
the cost movements associated with technological change can be
divided into two separate factors: the first is associated
with reductions in cost attributable to nsw manufacturing proc-
ess; the second involves cost increases stemming from the
improved qualities or complexity of a newer system.

The particular question to be examined i1s: How would the
production costs of a particular aircraft have changed if the
technology utilized to manufacture a successor aircraft has
been used *o produace the original aircraft? A related uestion

S
A

to be considered is: How do the costs of the successor aircraf®
’compare to the costs of the earlier aircraft produced with the
newer technology?

These questions are answered by using the F-4 as a case
study. The actual costs of producing the F-4 can be obtained
from the accounting records of McDonnell-Douglas. The
estimated costs of manufacturing the F-4 with a newer production
technology were also cbtained from McDonnell-Douglas. These
estimates were derived on the assumption that some of the F-15
technology would have been used to produce the F-4, Using

the F-U as the original aircraft and the technology used to
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assemble the F-15 as the newer manufacturing technique is
logical, Both aircraft were built by the same company,
McDonnell-Douglas, in the same plant, and both aircraft are
(were) considered first-line combat aircraft. Moreover,
McDonnell-Douglas has been considered one of the leaders in
the aerospace industry in adopting new manufacturing

techniques.’®

A. F-4 AIRCRAFT; F-15 TECHNOLOGY

Over a period of twenty years, nearly 5,000 F-4 "Phantom"
aircraft were built in a number of distinct models including
fighter and reconnaissance versions suitable for either land-
based or carrier operation, and sold to the US Air Force and
Navy as well as to foreign governments. As the F-4 evolved
into its various versions, its weight and configuration
changed and the methods for producing it evolved.? Thus, if
the costs of producing the F-4 with actual technology are to
be compared with the estimated cosgs utilizing an alternative
set of techniques, the configuratif and lot size has to be
specified. For this analysis the ipt was the first 155 F-Us
delivered to the US Navy and involved the F-4A and F-4B
configurations.

McDonnell-Douglas provided the unit cost of producing the
155th F-4 with the then (1962) existing technology. These
actual costs were divided into several important categories,
direct labor hours utilized in engineering, production and
quality control materials overhead, etc. The data presented
in Table 10, Column 1, show the percentage of the actual
unit cost which each major item represented.

'aviation Week and Space Technology, July 28, 1968, vp. 98ff.

*For example, parts for the later versions of the F-U4 were fabricated by
direct computer control of the machine tcols as compared to numerical
control using tapes.

#
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Table 10. F-4 COSTS: PERCENTAGE OF ACTUAL COSTS ATTRIBUTABLE

] ¢ TO SPECIFIC COST CATEGORIES; RATIOQ OF ESTIMATED
; COSTS USING NEW TECHNOLOGY TO ACTUAL COQSTS
i
bl Percent of Actual Ratio of Estimated
£ F-4 Cost (Using New Technology)
A to_Actual Costs
'g Engineering Direct Labor 3.1 1.000
§ ( Tooling Direct Labor 2.7 0.561
fg Production Direct Labor 18.7 0.772
¥ Quality Assurance Direct 3.0 0.785
) Labor
% Engineering Overhead 2.7 1.000
=i Manufacturing Overhead 24,5 0.875
Material . 16.2 1.127
Subcontract 16.4 0.748
%; Procurement Expense 3.3 0.900
38 Other Direct Cost 0.7 1.000
4 G&A Expense 8.7 0.890
Total Index 100.0 0.875
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In order to isclate the effect of these hypothetical
changes in production technology upon the estimated costs of
the F-4, it is necessary to assume that the configuration of
the aircraft would have remained unchanged. Those aspects of
the new technology which would have altered the F-4 cannot be
considered; new materials cannot be introduced; CAD techniques
cannot be used to redesign the plane optimally, for this would
have changed the product.

Thus, all aspects of the F-15 manufacturing technology can
not be considered in the analysis of the cost changes that
would have occurred if the technology had been available and
used to produce the F-4, McDonnell-Douglas provided IDA with
cost estimates on the assumption that two of the most important
aspects of the F-15 technology had been available and used to
produce the 155th F-4., These assumptions are (1) many of the
structural components of the airframe are built as unitized
items which do not require assembly, and (2) the machine tools
which are used to fabricate these components are under direct
computer control.!

B. COMPARISON OF COSTS - OLD AND NEW TECHNOLOGY
i. Total Costs

The theoretical cost estimates of building the 155th F-4
using the newer technology are presented in Table 10, Column
2. For every component, the newer costs are expressed in
index number form as a ratio of the original actual costs.
Engineering direct labor costs are identical in the two cases,
and the corresponding figure is 100 percent. The data show
that 1if the newer technology had been available and used, the
total unit cost of fthe 155th P-4 would have been 12-1/2 percent

'There is also an assumption about the slope of the progress curve. It is
less steep than the actual slcpe associated with the F-i's cost. This
reflects the F-15 experience.
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less. Material costs would have incredsed relative to the old
technology while all other costs would have remained constant
or declined relative to the actual outlays.

2. Specific Cost I[tems

A more detailed comparison of the major cost coriponents
would provide additional insights about the effects which
technological changes had upon costs. For example, tooling
labor costs would have been down over L0 percent if the newer
technology had been used, and productlon direct labor outlays
would have been reduced by over 20 percent. These estimates
are in accord with cur earlier findings (Chapter VI) that newer
technology has substituted capital for production workers.

The substitution of capital for labor in the fabrication
process has produced even more labor savings in the assembly
phase.! In a separate set of calculations, McDonnell-Douglas
estimated that savings in fabrication manhours would have been
about 22 percent’while nearly 40 percent less manhours would
have been used in the assemtly phase.? Total unit manhours?
would have been reduced by about 26 percent.

The introduction of the new technology also would have ;
decreased the work load in the McDonnell plant, thus permit-
ting more items to be fabricated in-house. This explains the
decline in subcontracting costs, but there would have been some
inerease in in-house labor and materials usage. These increases
are already included in the assembly and fabrication data.

P T

This is the result of unitized construction of components which reduces
assembly time.

?Manhours used in the planning overations, however, would have increased.

Coedd s diens s

o onls

3motal labor costs were not reduced as much as manhours because more
skilled labor is regquired for the newer technology, and the wage rate
would pe higher,
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However, the introduction of the new technology would
have involved higher material costs, because the unitized
components would have beén machinéd from larger forms. This
would have entailed higher scrappage losses, and the value of
Scrap metal is substantilally less than that of the purchased

material,

Finally it should be noted that the manufacturing overhead
rate would have increased. This result can be derived from
the Table, for manufacturing overheai (relative = 87.6) has
declined less than direct production labor costs (relatives
=77.3 and 78.5). This increase in overhead rates is attrib-

utable to a number of factors. First, the use of the newer

technology would have required a larger number of computer
specialists to develop the software for controlling the machine
tools. These white collar workgrs would be included in the
manufacturing overhead base because they are necessary to pro=-,
duce the aircraft but are not directly employed in the produc-
tion process. Consequently, tiie newer technology would also
have resulted in a substitution of overhead labor for produc-
tion workers.!® Second, the new technology would have required
more expensive capital equipment. The increased depreciation
would have been reqouped~via a higher overhead charge.

3. Summary and Caveats

We can conclude that the use of the newer technology would
have suhstantially reduced labor requirements, but that overall
costs would not have decreased as significantly. This lesser
decline in overall costs would be attributable to the sub-
stitution of other factors for labor. Nevertheless, the
results lend credence to the hypothesis that over time new

With a reduction in production labor hours, even a fixed amount of over-
nead labor would have required an increase in the overhead rate, for there
would be fewer hours over which to spread the fixed costs.
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technological processes reduce the costs of manurlacturing a
particular weapon system.

It should be noted that this cost comparison was made for
a buy of 155 aircraft. Since the progress curve slopes for the
two technologies would not be identical, similar results might
not apply at différent quantities of cumulative output.! 1In
~ particular, it is possible to speculate that the new technol-
égy's labor savings might be smaller for larger buys since the
progress curve for the F-U4 is steeper than it is for the F-15.2

C. F-15 AIRCRAFT; F-15 TECHNOLOGY

The discussion in Chapter IV indicated that it was nec-
essary to divide the analysis of simultaneous product and
process ‘changes into its component parts, i.e., (1) an old
product produced with old technology, (2) the identical old
product made with new technology, and (3) a new item manufac-
tured with the identical newer techniques. We have been able
to accomplish part of this task by comparing the costs of an
F-4 made with thé original techniques with the costs that might
have occurred if some of the F-15 technology had been
utiiized.

Unfortunately, we are not able to completely analyze the
final set of costs, i.e., those of an F-4 made with the complete
F=15 technology and those of the F-15 using its own existing
methods. We have already indicated that it was not possible
to determine how much an F-4 would have cost if the entire set
of F-15 production techniques had been used, for this would

'The results might also be affected by the rate of output, i.e., the number
of aircraft per month.

2The proper curve might be less steep for the F-15 because the production
process is more mechanized and less learning could occur.
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havé ~ntailed design changes, and the nature of the F-4 woyld
have been alteéred.

There are somé additional data which shed some light
about thé relationship between the production costs of (1)
the F-4 as actually made, (2) the F-4 as it would have beén
made using some of the F-15 technology, and (3) the F-15 as
~aé£ﬁally produced. McDonnell-Douglas indicated that, for the
155th aircraft, the per pound unit manhour production costs of
thé F-15 were slightly lower than those of the F-4 as actually
produced.! The early F-15 weighed more than did the early ’
F-U4. Consequently, after adjusting for this weigh% difference,
the numter of production manhours per plane would be approx-
imately equal for the two planes.

The analysis presented ear}ier in this chapter showed
that there would have been a 26 percent savings in production
manhours 1f the F-4 had been manufactured using some of the
newer techniques. It is therefore possible to infer that there
would have been a comparable increase in production manhours
for the F-15 compared to the F-4 made with the newer technology.

These results are illustrated® in Figurs 9 which shows
the estimated unit production costs (index number form) of
the first 155 units of (1) the F-4 as actually built, (2) the
F-4 as hypothetically constructed using sore of the F-15
technology and (3) the F-15 as actually built. The graph
shows the actual F-4 and F-15 having nearly identical costs of
100 with hypothetical costs of 74 for the F-4 made with the
newer technology. The results show that the new technclogy

'We are not certain whether subcontracted production work is included in
these data.

®The grerh is similar to the graph illustrating the theory for disentangling
the two types of technological change. That graph appeared in Figure 1
in Chapter IV,
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Index of Costs

100 _ F-4 oF-15

Yoo F-4 (with new
74 - * technology)

’'y)

Time

Figure 9. UNIT PRODUCTION MANHOURS OF THE 155TH
F-<4, F-15, AND AN F-4 BUILT WITH F-15
TECHNOLOGY .
reduced costs, and that the increased costs for the F-1Y% must
be attributed to factors resulting from higher performance

requirements.

More titanium is used to make the F-15 than is contained
in the F-4.' Composites have also been introduced in the F-15,
Both composites and titanium cost more per pound than does
aluminum. It 1s thus possible to infer that material costs of
[{]

the F-15 would have risen relative to those of the F-+ made
with the newer methods.

We do not have hard data for the remaining cost cat-
egories of the F-15, nor do the indus®try trade publications
provide much additional guidance.® There is some suggestion
that more wind tunnel hours were used for the F-15 than for
the F-4, but the other categories of cost have not been

analyzed thoroughly.

‘We previously indicated that 34 percent of the airframe weight of the
F-15 was titanium; the comparable figure for the F-4 was 9 percent.

Aviation Week and Space Technology provides some informaticn about F-15
program costs. See the issues of April 9, 1973, pp. 14-15, Cctober 29,
3273, pp. 47-52; July 15, 1974, po. 111-116; and August 2, 1976, vo.
8Ll
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Although incomplete, the data are sufficiently suggestive
to support the hypothesis that the new aircraft cost more than
the older aircraft using the Same technoclogy. This finding
1s in accord wicth previocus studies which show that new weapon
systems experlence cost increases over the system being
replaced, with the requirements for improved performance
accounting for a significant portion of the increase.!

D. SUMMARY

The two basic findings of this chapter are obtained from
a case study of the F-4 and F-15 technologies. The results
indicate (1) new producticn technologies reduce the c¢ist of
manufacturing a particular weapon system, and (2) new weapon
systems experience cost increases relative to the system being

replaced.

These results are in accord with the hypotheses advanced
in Chapter IV, namely, that it 1is expected that process improve-
ments will reduce costs while the requirements for improved
performance will increase costs. The implications that these
results have upon the procedures used to estimate the costs of
weapon systems will be presented in the next chapter.

laviation Week and Space Technologu, August 28, 1972, p. 18; November 13,
1972; p. 61. A similar point with respect to commercial aircraft was
made by Almarin Phillips, "Technology and Mariet Structure, A Study of
the Aireraft Industry,” Lexington 2ocoks, Lexington, MA, 1071,

-~
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Chapter VIII
CONCLUSIONS AND SUMMARY RECOMMENDATIONS

It is now necessary to rlace the results of the previous
chapters in perspective and to analyze the implications of
the findings for the existing cost estimating metnodology.

A. CONCLUSIONS

Qur results clearly show that over the past two decades
two types of technological change have occurred in the air-
frame industry (similar findings for airborne fire control
radar are presented in Appendix D,:

e The performance requirements of aircraft have
increased; aircraft have become more complex; new
systems have been incorporated into the aircraft;
new materials are utilized to construct the air-
frame comnonents.

¢ These technological changes which have affected the
~haracteristics of aircraft are also associated with
technological developments which have transformed
the methods of manufacturing these combat aircraft.

? { e These tecihinological changes help to explain some of
the biases whlch were observed in the cost estimates
cbtained from a preferred airframe CER (Chapter II).

e The overestimates of the number of manhours
required for tooling can be explained by the sub-
stitution of capital for labor in this activity.

e Similarly, some of the underestimates in materials
costs might result from the use of more expensive
materials and the use of unitized components which
entail more scrappage.

[
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In the presence of technological change, the prefer-
red atrframe CER may no longer be valid. For
example, the CER for aircraft indicates that costs
are positively related to the weight and maximum
speed of the aircraft. However, the welght of
modern aircraft is reduced only because more expen-
sive materials have been substituted for the older,
cheaper but heavier materials. Thus, with every-
thing else held constant, weight and cost are neg-
atively related--not positively as is implied by

the CER.

This finding leads %o a more specific conclusiocn.

A CER based on specific charactertstics of older
weapon systems may be used only if the characteris-
ties of new systems do not require new production
technologtes, 1.e., 1f the relationshlp between
system characteristics and the production function
remains unchanged and stable.

B. RECOMMENDATIONS

Since there have been structural changes in the aerospace
industry, we recommend that modifications be made in the cost
estimating methodology for airframes to reflect those tech-
nological changes.

If the qualities of characteristics of newer systems
require a new production technology, this factor must
be incorporated into CERs.

The characteristics that are included in a CER must
in fact be the factors that drive costs. For
example, the complexity of the system or the
requirement that a titanium-based technology must
be used might be factors that drive costs.

It might be possible to modify existing CERs by
including an index of complexity, even though some
previous studies have failed to find such a variable
significant. While holding other system characteris-
tics constant, such an index would shift a CER

upward or downward, depending on the complexity of
the product,

An index of complexity would involve both the
syster characteristics and/or performance and the
manufacturing technology required to produce the
system. Such an index might be constructed using
the Delphi approach.

"
g




BRESANE bt o St gl

RS TR

e An additional veriable that might be included in
exlsting airframe CERs is the percentage of newer
materials that are embodied in the airframe.

e Existing airframe CERs focus on manhours and
materials costs. Given the recent substitution cof
company-owned capital equipment for labor, some extra
attention should be focused on analyzing the capital
charges in the overhead rate.
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Appendix A
EMBCDIED TECHNOLOGICTAL CHANGE




EMBODIED TECHNOLOGICAL CHANGE

Embodied technological change may either be composition
neutral or it may change the substitution relationship of the
production function. In the former case, the production
function is represented by equation (10) of Chapter III.

More generally, however, we expect that new technological
change will not be composition neutral, but rather that it
will affect different factors differentially. We may produce
this in the most general fashion by altering equation (8) of
Chapter III:

8.c 8.b 8.k
1 =BT g Kby, (A=1)

Thus, a new robotized assembly machine may be expected to
alter the substitution relations among all inputs and, hence,
given fixed input prices, alter the minimum-cost input com-
position.

We shall distinguish this discontinuous type of tech-
nological change from the "learning" type by the term
"embedied," because it 1s accompanied by changes in the types
of capital, labor, and materials used in the production of
the F-x. Most generally it is assoclated with the introduction
of new capital. For example, let us illustrate the realistic
implications of embodied technological change with the
assumption that, at the Xlth cumulative unit, the technology

changes from




1= BeT KM, x < xg (4-2)

, 8,c 98,0 8 k .
r=s8 " L u™ [ x>x <X, (8-3)

x where X is the last unit of F-x produced.’

Suppose, however, that it is not possible :o institute the
new technology completely at the time of the Xlth unit's pro-
duction; rather, it is instituted incrementally as more old
capital is replaced with new. Under the old regime the
lowest-cost capital input was Kl’ and under the new conditions

this changes to KZ' At the Xlth unit Ka units of new vintage

capital are installed, where Ka < K2. Then we may approximate
the realistic technology as

_ rX,c.b, k rX,c. bk
l = (l-)(Ble K1L1M1)+ A (Bae K2L2M2) s (A=b)

where X = Ka/KZ’ so that X is the proportion of new vintage
capital in place.

Note that we assume the learning rate r remains constant. In (A=3) hcw-
ever, if a substantial re-learming process is necessarv, then X in (i-?)
should be changed to (X—Xl). Realisticzally, of course, r may well change.
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Appendix B
MINIMIZATIGN-QF-COST FACTOR MIX DERIVATION LEARNING CURVES
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MINIMIZATION-OF-COST FACTOR MIX DERIVATION LEARNING CURVES

A. COST MINIMIZATION
The problem is to

Min C = K'Pyp + LePp + M:Py (B-1)
subject tc
k°Lou* = i TR | (B-2)
For convenience, define
. . s s B™Le™TX | (B=3)

Then, the Lagrangean form is

Min Z = K+P, + LoB, + M-P, - A(kCLOMKSS) ,  (B-)

K M

and setting the gradient vector equal to zero ylelds the first-
order conditions:

R L S e (B-5)
2 e - ke = o
SR N A
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- If KcLka is concave in K, L and M, second-order minimum

conditlons will be met. This production relation will be met
if and only 1if Ogc, b, K<l; which we assume. By multiplying

(B-5.1), (B-5.2) and (B-5.3) by K°LOW¥/s, we obtain

o i

.1 PK-xcsx’l 0 (B=6)

i

-1
.2 PLukaL

“
o

1

]
o

.3 PM-ARSM

Hence,

3 0 . §§§ ,

and substituting in (B-1) yields
C = AS(c+b+k) (B=8)
= A(ctbrk)B~le "X
Let
U = A(c+btk)B™t

Then the minimal cost function is

_ ~rX ~
C = Ue . (3=10)




If we allow X to vary (holding product characteristics and
input prices constant) the incremental cost function follows
(B-10). Hence, the "true" form of the learning curve under
these conditions is this exponential function--a semilog
function rather than the usual logarithmic formulation:

¢ = ax? . (B-11)

B. DISEMBODIED TECHNICAL CHANGE

We may now relate the learning curve to the ornducztion
function with disembodied change

1 = BeP XKoLk | (B-12)
from which we obtain
"% = (mkCLOM)"L | (B-13)
The power series expansion of er'X is
e™X = 1+rX+(§¥)2 + <§§)3 +oo. 4 £§§ln + ... . (B-1Y)

For rX sufficilently small we may approximate erX by the linear

portion of (B-14), so that (B8-13) may be approximated by

-1 (B-15)

” 1
1+ rxX = (BK°LEMX)
Then

X = r-rerCrluy-loy (B-15)

By substituting into (B-11) we obtain

3-3




C, = A [(BKcLka)'l -1]a (B=17)

k°LoMK = B'le-rx . (8-18)

c. THE LEARNING CURVE WITH EMBODIED TECHNOLOGICAL CHANGE

We incorporate embodied technological change into the
learning curve analyses by shifting to lower learning curves.
For cxample, for composition neutral technological change, we
suppose that new machinery purchases change the F-x production
function from (B-12) to (B-19):

1 = 6BeT¥KCLOMK | (B-19)

The learning curve then changes from

c, =2, [(BKiL?Mf)‘l -1]a, kSLIME = m7le X (B~20)
r'. L]
to
_ A wCr DKy =1 a ,cib.k _ .=1lp-1 -rX .
c, = s FsﬁzuzMz) -1] , KSLoMS = 877BTTe™" | (Bo2l)
Hence
¢, by k-1 a 5 e, bk \a
;3 _ (8BK L) -1) _ 1-9BKILMS
G, DK —1 p T TR
1 \(BKJLIMT 1 8 (1-BKILIMY)




Therefore, if embodied technological change 1s composition
neutral, the new learning curve will shift downward and be
parallel to the old when graphed on a double logarithmic grid.

¢
Unit
Cost
(mil. §)
| )
|
: T T
I~ ! '
!
| ) T [ ——
L ! ) .
0 X1 XZ X3 X4

(Cumulative OQutputs)
Figure B1. LEARNING CURVES AND EMBODIED TECHNOLOGICAL CHANGE

We shall approach reality more closely if we recognize
that the new technology will not be introduced abruptly, but
Wwill generally be changed at discrete intervals as innovatory
capital and/or materials are introduced. The actual cost of
the ith F-x, therefore, will now be a functlon of the "vintages"
of the capital installed.
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Assume-~realiistically--that to manufacture the F-x under
a glven embodled technology requires a fixed amount of capital
Rl and tgat a new embodied technology changes this fixed quan-
tity to K2. Moreover, factor savings induced by learning
results in labor and/or materials savings. Suppose that at
output unit Xl the new technology becomes known, so that were
adaptation instantaneous (and learning continuous), the firm
would shift to learning curve C2. However, not until unit output
X, does the portion AK,,, become available. Let a2=AK2/K2,
and we may approximate the hybrid cost curve resulting as:

C' =ay " C, + (l-a2)01 s (B<23)

as shown on Figure Bl. At X2, AK2 3 is installed, so that
3
ag = (AK2,2+AK2,3)/K2, and

c" = @5 "0yt (l-a3)C1 . (B-24)

At X, ancther installation occurs, C"' 1is attained, and so
forth until 02 1s reached (if it 1is) when all capital is new
vintage,.

If a progress curve 1is fitted econometrically to the

learning curve gpecification, without recognition of these
vintage capital changes, actual observatlions obtained will be

points on the varjous cu.ves Cin CY, c", C"', and Cy,. The
curve will then reoresent a hybrid, confusing the effects of

both embodied and disembodied technology.'

'Hernce, O%'s conjecture may be explained in just these terms: "The
instability and limited reliability of the progress functions suggest

that if learning is the underlying force it does not orerate in a smoothly
predictable fashion." Walter Ci. "The Neoclassical Foundations...,"
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From our analyses, even were r tc remain constant along the
hyorid learning curves, the observed progress curves would
have these discontinuities. O0i's explanation is that the
ability of prcducers to substitute inputs and outputs over
time in a Hicksion production function formulation may lead
to economies which are confused with learning.! The explana-
tion does not seem plausible to us in terms of the defense
industry and its scheduled production flows.

Including embodied technological change of the factor
compositicn affecting type given by

8.c 8.b 6.k
1=pef¥g K Ly M (B=25)

offers no conceptual problems different from those discussed
above. The relevant learaing curve is written:

e.,,c\f 6.b\/ 8, .k\=~-1 a
c =§[B<x‘<)(LL)(\1M) -1] (8-26)
X a
r .
o \[ 5.0\ 6.k .
<K k>(L L )(M M) =7l ™X (B=2T)

Technology changes will now affect facter input compositions

where

so that, even when r remains constant between technoclogles,
the implied learning curves will not be (lcgarithmically)
parallel,

Walter O1, loe.2it.
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PRODUCT QUALITIES, PRODUCTION FUNCTIONS, AND
LEARNING CURVES
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PRODUCT QUALITIES, PRODUCTION ﬁUNCTIONS, AND
LEARNING CURVES

2
This Appendix demonstrates how product qualities can be
incorporated into the production function and then considers
the relationship between learning curves and CERs.

A. FACTOR COMPOSITION NEUTRAL QUALITY CHANGES

Let us define a set of cost-relevant product character-
istics, Qi =1, 2, ..., n. For example, let n = 2 for aircraft
and suppose Ql to be maximum speed and Q2 to be range. We
assume that our problem is to estimate a new learning curve
for F-x whose speed and range qualities are changed, but which
can be produced with essentially the same disembodied and
embodied technology.

The simplest manner of accommodating the implied input-
output relationships 1s to : :sume that such changes will have
no impact upon the minimum-cost factor proportions, and to
estimate such 2 production function in the form

§.Q..6.Q ,
1 = 3(1 1+2 2)e"xxcLbM“ . (C=1)
Then
5.Q, + 6.Q 13
c =4 [(a 19 * 9§, 2xCLka>‘1J (c=2)
X I‘a
xCrhoyk o g 171 T2l -rX (C=3)

Consider X = 100. ZFor /C-3) define
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7. = K°LPM® neeting (C-3) when X = 100.

130

Then (C-2) simplifies to

_ A §,Q, + 8.Q -1 a
100 = &, [Tloo (a 1% * % 2) _IJ L (e-b)

Suppose the current qualities of fighter aircraft are

§121.8-9
§ _ Sl1¥11+°2%21
[Ql,Qzll and let B, =B

From (C-4)
)

SUNI § kL0 (C-5)
100 ¥ Ja\Toomey )

where 1s the X = 100 point on the current learning curve.

Suppose that a different speed-range quality complex,
[Ql,Q2]2, were contemplated for the F-x, producible with
essentially the same technology. Then, for X = 100, we

define

-7 B5 @
c! Al (7 10072 (C=6)
100~ 2\ "Moo B )
- 2
) $,Q
where Bg = 3 1712472722 and
~{8.Q §,9,,) -rX , X=100.' (C-7)
KcLka = B 1712 + “2%22°e ?

T =
* 100 =

In Appendix A it was shown that, for given input prices,
the input proportions for boeth types of aircraft will be the

same.

'We assume 2 is unchanged because r is unchanged. This need not hold
rigidly.

(@}
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It follows, therefore, that Ci will be different from Cx
ty the multiplicative factor A'/A.

Al 100r_ya

100 _ ¢® A (6-8)
‘100 A (efVTop? A
r

where X = 100 is chosen arbitrarily. Therefore, knowing
C'loo--or any other single point on the new learning curve--
permits us to obtain the new learning curve

c! X A
cr, = E—EQQ-—-xa = A%, (C=9)
100

On a log-log grid, C'x charts as a straight line parallel to
Cx’ and in this sense we may speak of the new learning curve
as a parallel shift of the old when (1) product qualities
change in a« factor composition neutral manner; (2) technology
remains constant; and (3) the rute of learning (disembodied

teechnological change) remains constant.

We have, then, derived a CER under these simplest of

conditions, for

§,Q10%0,95 -1 a2

A'
C'lOG = Z?[(T'IOOB ) -1 (C=10)

given (C-7) relates qualities Q12 and Q22 20 the incremental
costs of the 100th unit of output, which we have seen to be 2
point on the new learning curves, Its form suggests that the
usual assumption about thsa Jorm of the CER

. m n ’
' =D P -1
“'100 T P29 20 (C-11)

is not an accurate specification even under these simplest

assumptlons.

Ca
!
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However, in one important respect (C-11) conforms to the

implications of our analyses for this simplest case. We have
seen that in our analyses

¢ ,
220 - %- =0 . (C-12)
¥100
From (C-11)
o Qm Qn
5’100 =( 12%22 =y . (C=13)

100 7495

Hence, the conventional formulation in (C-1l) implies a
paraliel shift in the curves (in logarithmic form), Jjust as
(C-12) projects. Hunce 1if ®=R--a result that is by no means
guaranteed--the CER and learning curve would yleld similar
results.

B. FACTOR-COMPOSITION NON-NEUTRAL QUALITY CHANGES

If quality changes are not neutral in their impacts
upon factor composition we may represent the relationship via
the production function

wef Q. +2,Q. 8,2,+8,Q Yydq+Y5Q
lgge.x(xll 22)(L11 22>(Mll 22) o (Ce1d)

which for a given [QI,QQJ complex for the F-X we may abbre-
viate to

1 = e Xx%rBuY (2-15)

where a, 3, and y are the indicatad iinear functilons of Q,

and Qz.
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Then, the learning curve is

a
%BK LiuY)~t -1] (C-16)

"SIZDI

with

k®8uY = p~le~TX | (C-17)

Suppose, once more, we contemplate a different speed-
range complex, [Ql’Q2]2’ for the F-x. Then <f r (and a)
remain constant, once more the new learning curve will be a
parallel shift (logarithmically) of the first. This must be
because, as long as a is held constant in the learning curve
Cx = Ax? , all changes in cost that result from a change in
factor proportions must 1mpact A and A' only. Hence, similar
to our analyses in (C- 8)

At I ' ' - a
o Al sk’ L8" )=t - (l00r_jya
100 o | JAE = A
T =T -~ v I00r ..a Y °
r

Qur conclusion about the consistency of the conventional CER's
specification with this structural characteristic is the same

as that derived from (C-13).

But it is not acceptable to assume that r (and a) remain
constant as factor proportions change. Presumably, innut
mixes with relatively more lavor have more potential for

higher learning rates r. If quality changes imply inrput mix )
changes, the whole legilc of disembodied technological change
(i1.e., learning) argues that r and a must change.

‘However A' and A' probably would not te identical if the technology changed
as a result of nwon-neutral preduct quality changes.

o w
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Therefore (C-18) must now be written

! t 1
o ‘ﬂgT (elOOr _l>a
100 |z LA (6-19)
C100 & (77T v
r

Simplifying by power series and cancelling terms, the relation
(C-19) becomes

C' ~
100 _ A! a'=a

—— = = (100) (C=204)
100 A

and more generally
C'x Al a'=a
— = = (X ) . (C=20B)
X A

No longer, therefore, will C' be a (logarithmically) parallel
displacement of C,, nor will (C=12) be consistent with (C-20).
If the conventional CER is used to obtain a point and the old
learning curve 1s plotted through it, gross differences will
result from the true relationship.

c. PRODUCT QUALITIES AND EMBODIED TECHNOLOGICAL CHANGE

We have one last complication to consider before concluding
our theoretical analysis linking production functions to CERs
via the learning curve. 1In our consideration of product
quality variations, we have included disembodied technological
change but we have excluded embodied technological change.
That 1is, we have conceived of product changes in Iimportant
dimensions of the F-x under the assumption that no important
modifications in the characteristics of capital, labor, or
materials are required, and that no changes occur in the possibie
input mixes to produce an F-x.



This 1s, of course, unrealistic. Ordinarily, product
changes are effected by installation of new machinery, the
emplcyment of new labor skills, and the use of new materials.
New substitution relationships may well exist among these
inputs under the new technology.

Product change must, therefore, be coupled with implied
embodied technology change. To do so we shall treat four
different types of such interactions in sequence. The
combinations relate to whether the product changes and the
technology are factor-composition neutral or not. For-
tunately, we shall be able to draw copiously on the previous
section's analyses and therefore be rather brief in our
consideration of each case.

1. Factor-Composition Neutral Quality and Embodied
Technological Change

When neither quality changes nor the implied new tech-
nology affect the composition of inputs for an F-.x, we may
represent the new production function as

§.Q,+8,3. 1
1=9p T 1 2@ TXeorbyx (C-21)

The learning curve is then
§,Q-+8.2
c, =[§a (e(B e 2)"° Py*y-t . ]a : (C-22)
r

in straightforward application of our methodology. If r
(and a) remain constant under such transformations, we obtain
a new CER with the form

) §, Q +8.Q \
€' oo = [(e( 12 72722 gorbyky=1 _l]a ,  (C-23)
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which differs considerably from the conventional form

BN N
C'i00 = DA™ 5075 (c-24)

However, following our prior reasoning and the derivation
in (C-8) there, we conclude that a (logarithmically) parallel
shift of the learning curves would occur, as (C-11) and (C-24)
used straightforwardly would project,

However, we reject the possibility that r (and a) could
remain constant even when product/technological changes of
this simplest form occur. It is necessary to rewrite (C-23)

as

$.Q,,+38,Q
t -
o =& el ? 12772%22) e, byky=1 y 12 (co2s)
100 pt

which leads to the nonparallel shift in learning curves

discussed above,.

2. Factor-Composition Neutral Quality Change, Non-Neutral
Technological Change

The production function under these conditions is

§,Q,+8,Q 8,.c\f 8,0
1 =(B 171 72 2>erx(x z()(L L)@GMK), (C=26)

which ylelds the learning curve

8,Q9,+8,Q 8,c\[; 8. 0Y] 8.k} -1 a
c, =%, [(B 17l 2)(;( £ )(L L)(M . ) -1} , (C=27)

r

8,c\[ 6.0\/ o k -3.Q.-6.2,\
<K5><LL)(MQM)=(B 171 22/e -rX (C-28)

Once more, for any ¢two guality sets and implied factor
mixes, r {and a) will be different, which means that old and

written

new learning curves will have different slopes.

c-8
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3. Factor-Composition Non-Neutral Quality Change, Neutral
Technological Change

In these circumstances and by using our (now familiar)
techniques, the learning curve may be writteh

0. Q.+ ,Q B.Q
¢ = A [foper®\ (¢ 1172 2) L 219148,0, | ¥10,47,05) -1 |a
X ra / M » -1

. (C-29)
where

0 Qy+a,Q,\ [ 8121850, [ Y19+7,Q, 4
_(g 1417%2 2)(% 1M17R2 2)(# 14172 c) T B R S
In general, r (and a) will change between quality mixes.

4, Factor-Composition Non-Neutral Quality and Technological

Change
In this most likely case, the learning curve will be

2,9, +a.,Q,+0,.¢C 0,Q.+,Q.+6_D
o = A [(Berx)(.K 191129, %8y )(L 1929+, )
X ra
(C-31)
(M1Q1+2*2 Ok ) -1 ]a
subject to
(& 19 a0, 40, c>( 3,01 +8,Q,+8 b)(MYlQl+Y2Q2+6Mk)=B_le_Px

(€c-32)

Again, we expect r (and a) to change with the joint
variations in qualities and technologies.

C-9
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Appendix D
TECHNOLOGICAL CHANGE IN AIRBORNE

FIRE CONTROL RADARS
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f TECHNOLOGICAL CHANGE IN AIRBORNE

2 FIRE CONTROL RADARS

?z The main body of this paper focused on technological ;
g . changes which have occurred in the airframe segment of the :
ol U

ﬁ defense industry. We will demonstrate in this Appendix that it
| is possible to apply the same methodology to a segment of the
avionics industry--airborne fire control‘radars. These radars
were chosen for analysis because they were considered rep-
resentative of the ehtire avionics industry. We will examine
changes in manufacturing technology which have reduced costs.
An analysis of changes in performance is followed by an estimate
of the reduction. of costs attributable to manufacturing effi-

LR .

ciency.

A.  MANUFACTURING TECHNOLOGICAL CHANGE

Within the 1960 to 1980 period many technical innovations
in manufacturing airboﬁne fire control radar evolved. One of
the earliest involved preforming componen: leads, so enabling
assembly workers to more rapidly insert the components into
printed circuit boards.! This resulted in major savings in .
assembly labor. A further step in automation came with the '
introduction of automatic comporent insertion techniques.
Special purpose machines were developed to drop components
into their proper places on the printed circuit boards; a ﬁ
further increase in productivity resulted when mulii-layered
printed eircutt boards came into use to reduce the amount of

'Although printed circuit boards were new to the industry in 1960, they ‘
were beginning to be used extensively, X
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wiring required in using several boards. Subsequently, like
- the airframe segment of the defense industry, numericaily
controlled machine tools came into use to reduce the cost of
metal fabrication. The .+ lexibility of using these tools
permitted them to be used in the insertion of components onto
béards. The application of éomputers in this industry also
permitted the introduction of automated testing. At the
component level, automated testing not only reduced the labor
involved in the testing 1tself but also permitfed increaced
testing ané reduced malfunctions of assembled circuits.®

A subsequent manufacturing development was the introduction
of thin/thick film hybrid eireuits. In these, some of the
resistors and capacitors that had previcusiy been bought as ,
discrete components in printed circuit board technology were
fabricated in place. Etching was used to remove metal and
various types ol depositions were used to add metal when
required, Components which were too complex to fabricate in s
this manner were purchased without external protective jackets
to minimize both the cost and the size of the circuit. After
assembly on a glass or strate resembling a miniature printed
circuit board, the whole circuit was sealed. .
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A new technique for reducing thne cost (and loss of
reliability) associated with making connections between boards
was also developed. Wire-wrapping was introduced to reduce
the amount of soldering required and in some instances to
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eliminate connectors. Interconnecting cables were typically
laid out (in 1960) on a wire by wire basis and laced together
after lay-up; the new technique involved embedding a large

TIE

N
e &

number of wires in a plastic sheet. The resulting ribbon-like

'Automated testing permits more thorough testing at each stage of graduc- :
tion and reduces the malfunctions occurring at the next higher level of

assembly. Morecover, early fault localization reduces the time and labor

requirements involved in the repair of finished systems.
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or flat cable effectively reduced the labor in assembling a
system. A later development consists of woven cables which
provide improvements in assembly.-

B. RADAR PERFORMANCE

All the technological changes described above involved
improved techniques for manufacturing radars. There were also
changes in the performance requirements of radar systems. The
1960 radars had been designed without regard to their suscep-
tibility to jamming and other enemy countermeasures. To over-
come this problem, radars were made more powerful to burn
through the jamming, as well as more elegant in waveform to
help identify the valid signal from among crude facsimiles of
the radar's transmission. These electronic counter counter-
measures are typically expensive. .

Arother requirement change of recent years is impro§ed
reliability. In response, specifications were tightened,
testing was increased, critical circuits were duplicated, and
exhaustive failure mode analyses were performed. The
improvement in reliabtility is now reflected in dramatic in-
creases in mean time between failures (and all other indices
of reliability). Again, the cost of improved performance has
been high.'!

Several developments over the last few years are only
now approaching full fruition. The earliest was the introduc-
tion of fully coherent radars. Sometimes referred to as -
doppler'radars, since the coherency of the transmission
allows the extraction of the doppler shift produced by target
motion, coherent radars were employed in ground-based systems

long before they were adapted to airborne usage.z However,

'However, there is a reduction in operational cost.
2For example, Hawk's acquisition and trackine radars are coherent.
0 3 q )
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ﬁ‘the fipst ééherent 1adars were of the c¢ontinudus, wave tyoe‘
:w&tg‘theu‘e Sult thit gféhnd clutte from-all vangés within ;
the view of £he radar would "pile~up" -and compéte with the g
; ) ) |

targetrs return. Thé §¢

- pulsé reduced the cluttey retupn £6 whateveér small clutter
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solution that permitted the coherent ;
padar to go aloft was the developmént of pulse deppleér padar.
I this radar; the Pange Pesolution provided by thé short

Tgatch" might ‘be lodated at the same. range -and bearing as
The: 1ntrodu tion ©f. coherent radars-and oulse

the target ‘ :
L‘?‘i g

doppler processing gave oup airborne fire control radars the . _ ;
t16ok=down! capability that had been sought £o¥ so many jears s

(along with afigthér substantial inérément in cost). oo

The cohevent tPansmiter provided the means for making b
vadar§ éextremély versatilé., If bédame céoénceptually possivle ‘ f
to build a radap that would nog only séarch for and. track air- : :
borne targets but would alse produce @ high résolution ground L
map for aireraft navigation and the survéillance 61 stationady (Jiﬁ,§
ground targets;, a térvain profilé fop térrain following/ P
terrain avéidance flight, ground méving tabget detecticn, and ) i ;
aiy to ground weapon fire ¢ontrél. Each 6f thésé modes, how- o
ever, requires dirférent adjustients of controls and; move . g ‘
importantly, & dadfférent £6rm 6f signal procéssing. Thé § ‘

versatility vrovidéd wWould ovérwhelm all But the most accom- o
Bl shed and expériended full=time radar operators if radar ; :
control 4nd processing weré pérfoPmed in thé mannsdr of the '
-éarly 1960s4 i

The obvious s0lution was to usé digital logie and control g
to rélieve thé §1lot 6f the bHupden of Decoming an expert radar R
O

opérator. THe edbly digital signal procéssops were hard
wired, but moreé Pecént radars usé a progiammable sigial
prodessor, Aprogrammable signal procéssor may use a thousand
integrated circuits, with each integrated ¢ircuit eguivalent )
Although an infegrated e
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£6 a thousand discrete transistovrs.
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eirguit ¢osts no mone thén & few teéns of dollars, it is
gvident that the programmable sigral procéssor increasés the

&6st of thé radar by (the .order of) 4 huidred thousand
dollars.\ For this, a ,go0d&: basic¢ radar becomes the equivalent
of a half dozén. special purpose radays.. .

The coherent transmitter which underlies this evolution

‘towards improved flexibility and versatility is & high yacuum’

thermlonic device, In ‘the future,,solldsstate transmitters
will begin t6 replace the tubes ih durrént use, The beénefits
Will tnelude improved reliability' becausé all curdént
transmitteér types require oné or more high Voltage power
Supply/modulators, comparatively complékx codling provisions,
and substantial allocations of space. High voltage generation

&nd, wagte héat removal aré always sourcés of unreliability,

and hencé some gains in radar perforiiance can bé& expécted from
thé introduction of thée solid-state transmittérs Thé $solid-
state transmitten is based 6n the use of & multiplicity of
négativeé reésistance diddes. Thése aré intrihsidally simple
dewiicdes :s6 that thHe céomplete sd0lid-state transmitter édn bé
considered an ensémblé of many identiéal and simple circuits.
Of 411 the performance innovations foreséen for future radars,
the s01id-state transmitter fay prove to be oné of thé few to
reduce cost,

Goded. pulsés Will genérally be uséd with solid-state
transmittéré‘slnée the_peak poweér of such 13 limitéd. The

“coding, or pulse compression circuifry, 41lows f6P theé gen=

ération ahd transmission of & long pulse which is comprésséd
dn recéption using thé informatiodon contained in the internhal
‘coae. The baoic oenefvt is that the avéragé power of the
However it should be noted that current ceneratlon transmitting tubes are
not unreliable. For example, -some travel_nc wavé tubes last several

thousana hours in ooeratlonal radars, and tre transmitiers used in
atellwtes also t“avellng wave tubes, often last for four Or five years
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transmission *ncreases in Qiréct or0port%on to the exsanded
“pulse duration; whereas the ranve reso‘utlon (and thé sizeé of
the. clutter~oatch) is. directly proportional to the duration
Of thé compresseq. puisé. Ancilldry beneflts includeé i%crédséd
¢overtness (the low peak power of the tréhsm1551on makes the
‘radar less visiblé to enemy *ntercept receivers) and increased

’resistance to. Jamming (uhe reeeiver oonverts uncsded and
A& fofm).,

, Elegtﬁsﬁic»beéﬁ stéerihg,aéxteﬁ31ﬁ§;y»uséd in large
ground« and S¢a=-based radars but nétf yetr widely employsd in
alyborne fadars bécause Of welght and Gost fadtors, will prob-
ably becofie a sfandard feature of the airborné fire control
padaps Of thé next décade., A5 ohoven im-a few héw 1adaps (rov

. éxample;, the AGG-9 and APQ=140), thée agile beam radar can
aéntinué thé seareh function whilé tradking o¥e or more targéts.

.- The new f1léxibility provided by the programmable signal pro-
¢&§s0r: can: be bettér éxploited with an agilé beam anténna singeé
tha multiple médés. of radéﬁ dperatidén ¢an be interladed at
Patés of several tens to several hundreds of mode Ghanges per

$écond. .

. Given that newly désigned radars are typically controlléd

By digital logic, the introduction of a data bus is: inevitable.

The ¢ombination of the controller, issuing quéries and commands,
and, the data bus, relaying the information §o thé component

parts of thé padar, will slininaté almost all wiring bétwéen
the major components of 4 vadar. The éxéeptions; & féw RF, IF,
and-¢ritical video signals, will beécome ever fiéved 1A, nufiber
iﬁ~fh%uﬁé'modéié‘df eadafs; Thé eiiminaeicn 6f thé'ﬂOnstrous

’re;;abil¥ty‘andupeduce welgﬁt.
The usé of éentral dfgitél contréiler and data bBus
These might
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ifpliés subtle chanves in system orga t
not ve *mmedﬁateTy apparent on & system block diagram, but

Db

e e+

o,
L

P I
P 7

PR

[ U
B A 4

PR S0

R Y

AR

-
s




the design discipline inherent in these new systems tends to
require full interchangeability of line replaceable units
(LRUs). Many (pebhaps most) LRUs in current radars can be
replaced only at the cost of realigning the whole or a
substantial part of the overall radar. Each of the fully
interchangeable LRUs will cost a bit more, but a substantial

saving wil' be made in the elimination of system alignment
‘and test. A second use for a fully interchangeable LRU mizht

be as a part ofla completely different radar; this seems a
reasonatle goal which would result in savings since it would
enlarge the production base.

In addition to these performance changes which have already
been (at least partially) implemented, there are two additicnal
technological changes which can be foreseen., One (already
appearing in experimental hardware, i.e., Project SOTAS) is
the evolution of the electronically scanned antenna to an
adcptive array. The aglle scanning feature of the antenna is
retained in this mode of use but, in addition, the beam is
distorted so that a deep null (very low sensitivity to incident
waves) is developed in the direction of one or more jammers. !
In addition, the radar may be caused to dwell longer when |
looking in ths direction of the jammer to enhance the prob-
ability of burn-through. The motivation, of course, is improved
ECCM, and as frequently is the case, the cost of this feature
is appreciable.

The other technological development is the DoD-sponsored
effort in very high speed/very large scale integrated circuits
(VHSIC/VLSIC). These devices promise to improve airborne Zire

- e

control raiars in several ways; among the hoped for improvements
re more effective programmable signal processors, reduced

-

a
size processors, and a more effective data bus. Astonishing
oredictions of the improvement in performance can dbe found in

~

the literature, but the cost of these improvements (if rzalized)

D-7




g okd
ks
on ¥

et e~

2

——

i

A

Y g P

I R e e A e, e )
i T

will be very high. The reasons are (1) the integrated
circuits in current use are basically commercial devices

where military pufchases are only small add-ons to the civil
demand and are made at the very low prices that result from
volume production, whereas the converse situation will obtain
(at least initially) with VHSIC/VLSICs; (2) the new technology
will impose a new learning curve on the manufacturer; and (3)
production volume will almost certainly be much lower than
with present dsvices..

The performance improvements obtained in airborne radars
over the <wenty year period, 1960-1980, have substantially
changed the functions expected of these systems. The basic
function of the airborne fire control radar continues to be
one of searching and tracking enemy aircraft; the new radars
will perform many:other important roles using techniques,
procedures and devices that could not even be considered in
1960.

C. COSTS OF RADAR

Wle explored the feasibility of disentangling the cost
implicaticns of the two types of technological change which
have affected radars. Unfortunately, quantitative data
similar to those available feor airframes could not te obtained
for the radars. Ve therefore relied on a qualitative,
Delphi-like 2analysis.

Conversations witp a small number of highly knowledgeable
managers and analysts suggested that significant improvements
in manufacturing efficiency have veen made over the past two
decades, but these cost reductions have been small relative to
cost increases resulting from improving radar performance.

Moreover, it is extremely difficult to disentangle the

ey

two typves of technological change. Many of the factors which
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contributed to improved manufacturing efficiency also

enhanced performance. Thus a single integrated circuit may
contain several thousand transistors and their associated
passive components. A radar of the early 1960s would not

even contain that many discrete transistors and tubes. Since
a modern radar will typically contain far more than a thousand
integrated circuits, it is obvious that the two types of
change are related. However, the best estimate of the experts
indicates that a radar with 1960 performance specifications
built with current methods and techniques would cost 10 to 40
percent less in real terms than it cost in 1960. The median
estimate of the cost saving was 20 percent.

It was not possible to obtain estimates which measured
the effects of each of the increases in performance require-
ments.

D. SUMMARY

We have observed two kinds of EechnolOgical changes in
airborne fire control radars. These were the same factors
which were discovered for airframes, 1l.e., manufacturing %
technique ard product quality changes. We conclude, as we
did above, that increases in costs attributable to increased
performance requirements exceeded the savings accruing from
greater productivity in the manufacturing process.




